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ABSTRACT
JAROSITE FORMATION AT DAVIS MINE, ROWE, MASSACHUSETTS
SEPTEMBER 2011
KAREN SHAPIRO MILLER, B.A., BELOIT COLLEGE
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Richard F. Yuretich

This study investigates jarosite formation and stability patterns at the abandoned
Davis Pyrite Mine in Rowe, Massachusetts. Jarosite, an iron-sulfate hydroxide, requires a
rare, low pH, strongly oxidizing environment, and is found in acid mine drainage (AMD)
environments, acid sulfate soils, and on Mars. Its presence and its morphologies
sensitively reflect environmental conditions and formation pathways.
The Davis Mine, located in the Berkshire Mountains, was abandoned in 1911
after a mine collapse. Part of the pyrite ore body remains; additional pyrite exists in small
quantities throughout the study area. Effluent Stream runs from the old mine shaft to
Davis Mine Brook. Trees have overgrown the mine site; spoil piles remain along Effluent
Stream. Jarosite and the iron oxides goethite and hematite are present; all three can form
from pyrite oxidation products Fe and SO4.
Soil samples, collected from both spoil pile and native soil areas, were examined
by XRD, SEM, and EDS. Five mineralogical areas were found, based on mineral
abundance patterns. Jarosite exists in four of these areas. Two jarosite morphologies
were identified. “Variable” jarosite, with partly-dissolved crystals of about 0.5 to 5

v

micrometers diameter, exists in spoil pile samples. “Donut” jarosite, with tightly-packed,
sharp-edged crystals less than 0.5 micrometers that form a thin mantle on the surface of a
second mineral, exists in native soil samples. Donut jarosite has not been previously
characterized.
These jarosite morphologies are controlled by the presence and relative mobility
of pyrite oxidation products Fe and SO4, which in turn are controlled by water saturation
levels and behavior. Three pathways are possible:
Path 1: If both ions are mobile, variable jarosite forms. Here, the ions go into
solution, reaching jarosite over-saturation concentrations at a distance from the pyrite
source.
Path 2: When only sulfur ions are mobile, an iron-oxide gossan develops. No
jarosite occurs.
Path 3: When neither ion is mobile, donut jarosite forms. On this path, Fe and SO4
ions are trapped in a thin film of stagnant water covering the pyrite crystal. When
sufficient ions are trapped, donut jarosite quickly precipitates out.
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CHAPTER 1
INTRODUCTION

1.1 Introduction and Objectives
1.1.1 Introduction
Jarosite, a relatively rare iron sulfate hydroxide, has garnered new interest in
recent years. Its putative identification on the surface of Mars (Chevrier and Mathe, 2007,
Klingelhoffer et al, 2008) has led to investigations into jarosite formation and stability
requirements. Jarosite also plays a significant role in acid mine drainage (AMD)
contamination here on Earth. AMD contamination, which releases toxic metals into the
environment, results from any mining procedure that causes the oxidation of ironsulfides.
Jarosite forms only in the presence of water, in liquid or gas form, and therefore
its presence on Mars is regarded as an indicator of significant amounts of water. It also
requires, at a minimum, a low pH, and an oxidizing environment. However, other details
of its formation processes are still under investigation, and the mineral seems able to
develop through multiple paths. At least one path, which requires very minimal water in
the form of a stagnant film, has not been previously identified.
Further, because of its stringent low-pH requirements, jarosite tends not to be
stable, and ultimately transforms into an iron oxide. The particular iron oxide species,
however, depends on many poorly understood constraints. An understanding of whether
and how jarosite becomes either goethite or hematite, and, indeed, whether and how these
iron oxides might transform into each other, could reveal much about the Martian
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environment. Additionally, jarosite may be able to incorporate amino acids into its crystal
structure, thus providing possible access to a Martian biosignature. (Kotler et al. (2008).
Here on Earth, jarosite is significant because it serves as a sink for the acidity and
toxic metals that result from acid mine drainage problems. Therefore, jarosite
destabilization, which can result from the increased pH often induced by AMD
remediation procedures, can release these materials. Hence, some common remediation
procedures can aggravate AMD problems, rather than solving them. Therefore, local
jarosite concentration must be taken into account during remediation, and an
understanding of jarosite processes is necessary.

1.1.2 Objectives
This work investigates the formation and distribution of jarosite in samples taken
from the spoil piles at Davis Mine in Rowe Massachusetts, and from soils near the mine.
It characterizes jarosite found on the site. It relates jarosite distribution to field
conditions, including soil pH, hydrology, country rock types, and the degree of
weathering of waste and non-waste material. It describes the field relationships for pyrite,
jarosite and related secondary minerals, hematite and goethite, and it characterizes the
genetic relationships among these four minerals.

1.2 Davis Mine
Davis Mine is located in Rowe, Massachusetts, in the Berkshire Mountains, about
8 km north of the town of Charlemont. The mine was operated from 1882 until its
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collapse in 1910 (Field, 1985), and was reputedly the most successful mine in
Massachusetts.
Although the pyrite deposit on the site had been known since the 1830s, it was
considered to be of no economic value. However, by the 1880s, the technology existed to
produce industrially-useful sulfuric acid from pyrite. Herbert J. Davis, a businessman
who already owned a pyrite mine in Sherbrooke, Canada, learned of the Rowe deposit,
purchased options for 1.5 miles of farmland along the strike of the deposit within days,
and began mine operations within months.
While production records are both scarce and inconsistent, J.J. Rutledge, a
consulting engineer at the mine, noted that in 1906, the mine was producing about 100
tons of pyrite a day (Rutledge, 1906a). According to Rutledge, Davis pyrite was
particularly valuable. It was exceptionally free of impurities, and therefore the acid
produced from the pyrite could be used for any purpose. In addition, about 70% of the
mine’s output consisted of lumps ranging from fist-size to over 30 cm in diameter.
(Rutledge, 1906c) In this rare form, pyrite could be processed far more cheaply, a fact to
which Rutledge attributed the mine’s profitability (Rutledge, 1906c)
Since its closing in 1910, the Davis Mine has remained unworked, and, despite
intermittent attempts at exploration, no further economically useful mineral deposits have
been discovered in the area. No remediation has been attempted. The extensive
mineworks no longer exist. Stone foundations of the old houses lie scattered through the
nearby forests. Spoil piles from the mine remain the most visible sign of the operation.
These are subject to natural degradation processes, and are in some areas partially
overgrown by blueberry bushes and moss.
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1.3 Geology of the Davis Mine Area

1.3.1 Geological Formations in the Heath Quadrangle
Davis Mine lies within the 7.5” Heath Quadrangle, located in northwestern
Massachusetts. (Figure 1)

x

Davis Mine

Figure 1. Davis Mine is located in the Berkshires. It is in northwestern Massachusetts,
just below the Vermont border.
The Heath Quadrangle contains six geologic formations ranging in age from Cambrian
to Devonian (Figure 2). The oldest, the Hoosac Formation, is quartz-feldspar-micachlorite schist. (Bwerinofa, 1972) The overlying Cambrian-Ordovician Rowe Schist,
consists of a schist/gneiss mix, with some amphibolite. The mineral assemblage, similar
to the Hoosac, includes quartz, muscovite, chlorite, biotite, hornblende, feldspar, and
epidote. The next youngest is the Ordovician Moretown Formation, a bedded schist with
some granulite, and a quartz-plagioclase-muscovite-biotite-chlorite-garnet mineralogy.
(Bwerinofa, 1972). Greene (1977) described the Moretown Formation as comprised of
quartz-mica schist, garnet-mica schist, and micaceous quartzite.
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Figure 2. List of geologic formations. (Based on Hatch, 1967, cited in Bwerinofa, 1972)
The Hawley Formation contains the Davis Mine pyrite lens. This formation
consists mostly of hornblende-plagioclase-epidote-chlorite schist (Greene, 1977).
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Emerson (1898) cited by Greene, regarded iron-rich hornblende as characteristic of the
Hawley Formation. According to Field (1985) amphibolite is the primary rock type of the
Hawley Formation. He lists an amphibolite mineral assemblage that includes hornblende,
actinolite, plagioclase, epidote, chlorite, garnet, and quartz. The formation also contains
a black schist consisting of quartz, muscovite, biotite, graphite, and pyrite (Field, 1985).
Bwerinofa (1972) describes the Hawley Formation as “characterized by interbedded
amphibolite, greenstone, feldspathic-schist, and granulite with minor thin beds of quartzmica schist.”
The Goshen and Waites River Formations consist of quartz-mica and quartzmica-garnet schists and phyllites, with some quartzitic, limestone, graphitic and chloritic
beds (Field, 1985; Bwerinofa,1972). The Waites River Formation can be differentiated
from the Goshen Formation by the presence of limestone beds greater than 38 cm (15
inches) thick (Bwerinofa, 1972).

1.3.2 Minerals in the Pyrite Lens and Associated Country Rock
The pyrite ore body at Davis Mine is part of a sulfide and manganese mineral belt
that runs north-south, from Maine to Georgia (McFaul et al, 2000, cited in Hammerstrom
et al, 2005). Within Massachusetts, the belt includes five mines. The Davis, Mary
Louise, and Hawks Mines are located in the northern part of the state, and the Hawley
and Betts Mines in the south. Iron, zinc and copper sulfides are concentrated in the
northern areas; iron-manganese silicates, carbonates and oxides, in the south. (Greene,
1977) These deposits all lie in the Hawley and Moretown Formations, and the mineral
belt runs concordant to the Hawley-Moretown contact. (Greene, 1977)
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The Davis ore body is described by Rutledge as part of a “fissure vein”, thinning
and thickening along strike. This description was largely confirmed by later workers. The
mine, according to Rutledge, ran along strike (10 degrees NE) for 137 meters, and down
dip (70-80 degrees SW) about 366 meters (Rutledge, 1906a). Helm (1982) describes the
ore body from observations of the remnants of the open pit mine, giving an orientation of
N40E, 80SE. However, all observers describe the pyrite lens as a conformable, stratabound body.
Descriptions of ore body dimensions are scanty. Field, citing Emerson (1898),
stated that the ore body has an average width of about 7.3 meters and a maximum width
of 18.6 meters. Two drill cores taken from within 250 meters of the mine show narrow
bands (less than 6 meters) of massive sulfides coexisting with more extensive bands of
disseminated sulfides at about 48.8 meters to 70 meters and 94.5 meters to 122 meters
respectively.
According to Rutledge, analysis of mine concentrates reveal 47% sulfur, 44%
iron, 3% silica, 1.5% copper, and a trace of zinc. Pyrite in the area could be divided into
high-grade and medium grade ore (Helm, 1982). The high-grade ore consisted of 60-70%
pyrite, 5-10% sphalerite, 1-2% chalcopyrite, with minor pyrrhotite. Medium-grade ore,
which was not mined, consists of 60% sulfides, and 40% other minerals.
Other minerals found in conjunction with the high-grade ore are: ankerite, quartz,
epidote, and possibly plagioclase (Helm, 1982). Minerals associated with the medium
grade ore are: chlorite, garnet, gahnite, quartz, biotite, and epidote-clinozoisite. Chlorite
occurs most prominently, with an abundance of up to 25%.
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Two drill holes within the study area revealed that the bedrock was covered by
4.8 meters and 2.7 meters, respectively, of glacially transported and locally derived
overburden (Bwerinofa, 1972). Because of the rugged local topography, which inhibits
long-range transport of glacial debris, much of the till is probably from local bedrock
(Mott et al., 1967).
Below the overburden, cores revealed schist/gneiss bedrock comprised mostly of
quartz, sericite, amphibole, and chlorite, with lesser amounts of garnet, biotite and
feldspar. Additionally, the cores contained magnetite and pyrite. Unlike the other
minerals, which were distributed more or less evenly throughout the cores, both the
magnetite and pyrite were concentrated at specific depths. Magnetite appeared in a band
of schist (about 25% magnetite) at a depth of about 85 meters. Pyrite was located in a
band of 75-80% sulfide at about 104 meters, with pyrite concentration decreasing with
distance from the band. Changes in mineral concentrations were described as gradational
(Bwerinofa, 1972).
Helm (1982) described a related sulfide pattern in wall rocks, finding that the
sulfide minerals, which comprised up to 25% of the material within 15 m of the ore body,
decreased with distance from the ore body. However, sulfides are found through the local
bedrock, and, concomitantly, through the local soil.

1.3.3 Soil of Davis Mine Area
The Massachusetts Soil Survey classifies these woodland soils as Bfc: Berkshire
very stony fine sandy loam, dark subsoil, 8 to 15 percent slopes. This soil type is
described as strongly acidic to very strongly acidic, defined as pH 4.5-5.5. It develops
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from glacial till (Mott et al., 1967). These soils have a moderate to high ability to hold
moisture (Mott et al., 1967).

1.3.4 Mineralogy of Waste Rock in Spoil Piles
Samples for this study were taken from the waste piles produced by the mining
process, and from the soils adjacent to those waste piles. As part of the mining process,
the pure ore and the hanging wall rock were extracted, crushed, and then the ore was
separated out. (Rutledge, 1906a). The remaining waste rock was deposited in several
areas around the site, including along Effluent Stream (Figure 3). Samples were taken
from these spoil pile areas.
While the original spoil pile mineral assemblages seems not to be recorded in
contemporary documents, it can be plausibly reconstructed.
Field (1985) noted that minerals directly surrounding the pyrite lens included
quartz, chlorite, hornblende, albite, muscovite, garnet, and biotite. These minerals were
therefore likely part of the original waste material. Rutledge (1906) observed that a
hematite gossan cap of 30 to 60 cm covered the pyrite.. Hematite gossan material found
on this site is therefore likely to be original waste material. This is because hematite
gossan would only have formed as part of the original pyrite lens became oxidized, and
therefore, if it is not currently layered atop the lens, it almost certainly was moved as part
of the waste when the pyrite was mined.
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Davis Mine

Spoil Piles
Effluent Stream

Figure 3. Satellite image of field area. Indicated are one of the Davis Mine shafts (now
flooded and collapsed), Effluent Stream, which emerges from the shaft, and some of the
many spoil piles in the area.
Rutledge also noted that the mine’s hanging wall consisted of quartz schist; the
foot wall, mica schist, suggesting that quartz and mica schist on site may have originated
as part of the original waste material.

1.4 Previous Work

1.4.1 Previous Work on Waste Pile Locations at Davis Mine
Mineral formation depends on the interaction of site materials and ambient
conditions. At this study site, the original site soil and bedrock has been overlaid with
waste pile debris in some locations. Because the waste pile material differs from original
site material, it was deemed important to determine the original location and extent of the
waste piles.
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Figure 4. Spoil pile locations, noted by previous workers. Pink shows spoil piles mapped
by Bloom, 2005, using visual indications. Blue shows spoil areas mapped by Greene,
1977, using geochemical analysis.
At the time of this study, the boundaries of the original waste pile have been
obscured by encroaching vegetation. However, two earlier workers noted those
boundaries.
Greene (1977) conducted a geochemical survey of the area, mapping with a grid.
Greene noted a waste pile area that extends far beyond what is currently visible. Bloom
(2005) also provided a map of tailings piles. This map, developed 30 years after Greene’s
work, is based on topographic exposure, and indicates the tailings piles not overgrown by
trees at that time. This method indicates less extensive tailings distribution.
GIS software was used to rubbersheet the Greene map onto the Bloom map.
Figure 4 shows this overlay. This map is as accurate as possible, but some discrepancies
result both from the landscape changes caused by the 30 years between the studies, and
from the different mapping approaches.
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1.4.2 Previous Work on Jarosite and Related Minerals at Davis Mine
Jarosite and related minerals have been noted at Davis Mine by Gal (2000), and
Cerato (2003).
Gal documented silt/clay fractions in a variety of locations near and in the waste
rock pile. Jarosite and goethite are found in all locations, although not at all depths, and
in varying quantities throughout. Jarosite is more abundant in wells closer to the mine
shaft, which is the location of the pyrite ore deposit.
Locations of Gal’s sampling points are given in Figure 4.
In each well, goethite is typically more abundant in the samples taken closest to
the surface (0-~30 cm). Jarosite is typically most abundant in samples taken just below
the surface (typically ~15-~40 cm). Samples taken from Gal Well 2, near mine shaft #1,
are representative. At 0-30 cm, jarosite comprises 13% of the mineral total, and goethite
comprises 31%. At a depth of 30-40 cm, jarosite comprises 23%, and goethite, 8%.
For Well 9, Gal gives no mineral assemblage for 0-25 cm. From 25-55 cm, no
jarosite or goethite is evident. A minor amount of pyrite, 3%, appears at 35-55 cm. At
55-65 cm, 5% jarosite, 11% goethite, and 1% pyrite are found.
At Gal Well 10, located outside the spoil pile, mineral assemblage at 0-20 cm is
not recorded. Mineral assemblage at 20-60 cm is about 5% jarosite, 5% goethite, with 2%
pyrite at 40-60 cm. No pyrite is recorded elsewhere in Gal Well 10. At 60-100 cm,
jarosite is not present, whereas goethite remains at 6%.
Cerato (2003) also examined mineral assemblage in clay/silt fractions. At Well 7,
Cerato identified minor amounts of jarosite at 30 cm, and less, if any at 60 cm. Jarosite
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appears prominently at 92 cm, decreases in amount at 99 cm, and largely disappears by
107 cm. Only relative amounts are given.
Cerato Hole C is described as being close to Well 3, on top of a tailings pile.
Quantities are only relative, but, to 60 cm, jarosite is essentially the only mineral found.
At 92 cm, jarosite remains the most abundant mineral, but some quartz, chlorite, illite,
feldspar, and hydrobasalunite also appear. Mineral assemblage remains the same to 152
cm. No pyrite or goethite are found.
Note that Gal and Cerato results may not be directly comparable to the current
work. While the samples in this work were prepared by drying and grinding, Gal and
Cerato prepared their samples by washing, sieving, and centrifuging. Such methods can
be expected to speed the dissolution of pyrite and jarosite, and may have affected the
accuracy of the results.

1.4.3 Previous Work on Water Flow
Bloom (2005) mapped water table elevations at Davis Mine, based on data
collected from multi-level wells. (See Figure 4 for location of wells.) These data indicate
that water flow direction varies with season. Figure 5a compares depth to water table at
Well 3 and 4, from May 2003 to May 2004. This shows that the water table at Well 3
was higher than at Well 4 in August (and possibly in February), but lower at other times.
Groundwater, therefore, flows heterogenously at this site, moving from Well 3 to Well 4
at some months, and from Well 4 to Well 3 at others. This pattern occurs even though
Well 4 is at a slightly higher elevation than Well 3.
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This variable water flow pattern may be ubiquitous throughout the site. A similar
pattern occurs between Wells 7 and 8, with water flowing toward Well 8 at some seasons,
and away at others. (Figure 5b)
Water data used for Figure 5 were all collected from depths below 1.7 meters, and
these water flow patterns cannot be assumed to apply to shallower levels, particularly to
the vadose zone. However, the water flow patterns shown here do suggest the possibility
of similar patterns at shallower depths in this field area.

Figure 5-a.
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Figure 5-b.
Figure 5. Seasonal variability in water table levels. 5-a shows season-dependent water
flow direction between Wells 3 and 4. Well 3, port 1 is located at a depth of 2.3 m, in
surficial material. Well 3, port 3, is located at a depth of 3.7 m, in interface between
surficial material and bedrock. Well 3, port 7 is located at a depth of 5.2 m, in bedrock.
Well 4, port 7 is located a depth of 3.2 m, in bedrock. Figure 5-b shows season-dependent
water flow direction between Wells 7 and 8. Well 7, port 7, is located at a depth of 3 m,
in bedrock. Well 8, port 7, is located at a depth of 4.6 m, in bedrock.
1.5 Stability Fields for Pyrite, Jarosite, Goethite, and Hematite
At Earth surface conditions, iron and sulfur can be exchanged, often quickly,
among multiple mineral species. Local redox and pH condition are key in determining
which species are stable, and these conditions can differ on a scale of millimeters,
depending in part on local organic material, presence of certain other ions, water flow,
and stability of local minerals. Ionic concentrations provide an important constraint on
species precipitation, with increased concentrations of relevant ions improving the
likelihood that a particular mineral will form.
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Iron and sulfur can form pyrite at pH 0 to pH 14, but require increasing reduction
for stability as acidity decreases. At pH 0, pyrite is stable at Eh of about 0.3 (the precise
boundaries of the field depend on ion concentrations). At pH 14, pyrite stability requires
a more reducing environment, with an Eh of less than -0.6. (Figure 6) Jarosite requires a
oxidizing, highly acid environment , with thermodynamic equations suggesting that it
requires a pH of less than about 3. It tolerates a slightly more reducing environment as
pH rises.
pH levels also affect the concentrations of total sulfur, iron, and potassium
required for jarosite formation. Lowest concentrations of iron and potassium are required
between pH 2 and 3. (Figure 6)
Goethite and hematite have nearly identical stability fields at Earth surface
ambient conditions. (Figure 7) The iron oxides are still poorly understood, and have
varying formation mechanisms under different environmental conditions. Hematite is
commonly considered the more stable, and therefore the final, iron oxide form. However,
a closer look at this statement reveals complications. A goethite to hematite transition is
known to occur, but this takes place at about 250 degrees C (Gualtieri and Venturelli,
1999). Hematite has been found to weather to goethite under some conditions. (Bedarida
et al., 1973). But Cornell and Schwertmann (2003) stated unequivocally that under Earth
ambient conditions, no goethite to hematite or hematite to goethite transformation has
been observed.
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Figure 6. Jarosite stability field. (From Brown, 1971) See text for discussion.
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Goethite

Figure 7-a Goethite stability field (taken from Brown, 1971)

Figure 7-b Hematite stability field (taken from Drever, 1982)

Figure 7. Goethite and hematite stability fields. Both minerals are thermodynamically
stable at Davis Mine surface conditions.
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CHAPTER 2
METHODS

2.1 Sample Collection
2.1.1 Transect Locations
Samples were collected from four transects, which run through two waste pile
areas and into adjacent forested areas. Transect locations were chosen to build on
previous work, and to obtain samples from a variety of site areas. Transects were
therefore started at either at Well 3 or Well 8. These wells, both located in waste rock
piles, were part of a series of wells constructed for earlier work and were used to study
water quality. (Cerato, 2003; Bloom, 2005)
Transect 1W originated at Well 3, and ran directly west for approximately 35
meters, from the non-vegetated tailings pile to the forested area. (Figure 8) T1W is
located approximately 2.4 meters above the water table. (Figure 9-a) It covers a lessweathered area of the waste pile plus adjoining forest.
Transect 2W starts at Well 8 and runs southwest (240 degrees clockwise
from N) for approximately 35 meters. This transect starts in the tailings pile, which is on
a small island between 2 braids of Effluent Brook, crosses the western strand, and moves
into a forested area. It is approximately 1.2 meters above the water table. (Figure 9-b)
This transect represents a more weathered section of the waste pile.
Samples were given 3-part names, which indicate transect, core, and depth. For
example, sample T1W3-1214 indicates a sample taken from transect 1 (T1W), core 3, at
a depth of 12 to 14 inches.
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Figure 8. Location of transects on topographic map. T1W begins at Well 3, and heads
west of 40 meters. Transect T2W starts at Well 8 and heads southwest for 40 meters.
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Original Soil

Spoil Pile

Area 2

Area 1

Figure 9-a

Original Soil
Spoil Pile
Area 3

Area 5

Area 4

Figure 9-b

Figure 9. Cross-section of transects. Shown are relationships of cores to water table. Size
of orange core markers indicates depth of cores with regard to surface and mean water
table. Heavy dashed lines indicate spoil pile and original soil locations; five labeled areas
refer to distinct mineralogical assemblages. Water table data from Bloom, 2003.
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2.1.2 Core Locations
Five to six cores were taken along each transect. Cores locations are
approximately 6 m apart. Core locations were based on ground-water pH data gathered
by Bloom (2003). Based on pH data from shallow groundwater collected from multilevel
wells, Bloom constructed a groundwater pH map. Bloom’s data suggest that
groundwater pH increases from about 2-3 to 5-6 as one moves from the center of the
waste piles toward the forest. Based on the hypothesis that groundwater pH would
influence mineral assemblage, core locations were placed so that, along each transect, at
least one core was taken from each ground-water pH level (Figure 10). (Subsequent
research showed that groundwater pH did not control surface-level mineral assemblage.)

Figure 10. Transects in relation to expected shallow groundwater pH. pH values taken
from Bloom, 2005.

22

Fortuitously however, the core locations provide samples from both waste pile
areas and forest areas along each transect, and this difference did prove to be a key
mineralogical control. Figure 9 shows the location of the cores with respect to waste pile
areas.
Vegetation at core locations varied widely. Closest to the waste piles, there was
no vegetation. At increasing distances, vegetation included sundews (carnivorous
plants), moss, blueberry bushes, and fir trees.
Photos of core locations (Figures 11 a-l) indicate visible soil conditions at sample
collection sites.

Figure 11-a

Figure 11-b

Figure 11-c

Figure 11-d
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Figure 11-e

Figure 11-f

Figure 11-g

Figure 11-h

Figure 11-i

Figure 11-j

24

Figure 11-k

Figure 11-l

Figure 11. Photos of core locations on transects T1-W and T2-W. These photographs
were taken on 8/22/08, approximately 1 year after samples were collected, but in the
same season.

2.1.3 Sample Collection
Twenty-four cores were collected from the four original transects, and of these, 12
were used for analysis. These 12 consisted of cores from T1W and T2W. Analyzed
cores were collected by hand auger between 8/9/07 and 8/27/07. (One additional core,
T1-W-7, was collected on 8/22/08.) Additional samples from within the top two soil
horizons (Fe-rich, and jarosite-rich) were collected near Well 8 on 7/15/10; garden
trowels were used.
Cores ranged in depth from 12.7 cm to 91.4 cm. Core depths depended on soil
conditions: cores were dug until augers were blocked by rocks or in some cases tree
roots. If a core could not be collected at its planned spot, it was moved to within .6 meters
of the planned location, in either direction along the transect.
Because the cores were dug using a hand auger, samples were collected in
segments. Each sample consisted of the material contained in the auger bucket when
drawn up. The cores were measured (using a yard stick) both before and after each
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sample was collected, in order to determine the sample collections depth. This
information is recorded in sample names. For example, sample T1W-3-0-4 indicates a
sample taken from transect T1W, Core 3, inches 0-4. Eighty-nine samples were
collected, and each consists of approximately 5 to 28 cm of core material.
Sample size was dependent on soil type, with looser, easier to penetrate soil
producing larger segments, and the denser soil producing smaller segments. Appendix A
lists all samples taken.

2.1.4 Sample Storage
Samples were sealed in oak-tag packages with tape; the sealed samples were
double-bagged in zip-loc bags and stored at room temperature until needed for analysis.
Storage time ranged from several months to a year.

2.2 XRD Analytical Methods
XRD was chosen as the primary analytical tool for this project because of its
ability to identify mineral assemblages and furnish a rough quantitative assessment.
These data provide the information about mineral distribution needed to study jarosite
formation and stability at this site.

2.2.1 Sample Preparation
After collection, samples were dried at 60o C for several hours. Approximately 6
grams of sample were removed from storage containers, and sorted through a sieve with a
mesh of approximately 0.6 cm. This sieve was used because it was rugged enough to
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allow sample to be ground lightly against the sieve itself. This technique was used to
disaggregate lightly compacted material.
Sample material was dry ground in a porcelain mortar and pestle till fragments
reached approximately the size of baby powder grains. Size was checked by visually
comparing sample material to baby powder under a hand lens. Samples were ground for
between 1.5 to 2 hours per sample.
Powdered sample was poured into sample holders, packed, and smoothed.

2.2.2 Analysis Parameters
Samples were run on a Panalytical X’Pert Pro X-Ray Diffractometer (XRD),
using the X’Celerator Module and a copper tube (PW3373/10 Cu Lff DK184016). Runs
used a divergence slit of 0.5o, and nickel 0.02 mm filter. No mask was used.The machine
had a goniometer circle radius of 240 mm, and a X-ray mirror Cu module.
Each sample was initially run from 5-75 2θ. Step size was set to 0.02, with a time
of 2 minutes/step. (Note: This diffractometer automatically changes a 0.02 step size to a
step size of 0.0167.) The goniometer settings, step size, and step time were adjusted as
needed for more detailed discrimination of diffraction lines.

2.2.3 Qualitative Analysis Methods
X-ray diffraction data were analyzed using Jade Version 2. Analysis consisted of
checking for minerals identified in Davis Mine bedrock or surficial material by previous
workers (Gal, 2000; Cerato, 2003; Fields, 1985). Table 1 provides a list of minerals found
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in previous work. Table 2 provides a list of ICDD PDF numbers of relevant minerals;
these are the XRD patterns used for matches.

Albite/feldspar
Ankerite
Apatite
Barite(2)
Biotite
Chalcopyrite
Chlorite
Covellite
Epidote
Gahnite
Galena
Garnet
Goethite
Goethite
Hematite
Hornblende
Hydrobasalunite
Illite(1)
Ilmenite
Jarosite
Magnetite
Muscovite(1)
Pyrite
Pyrrhotite
Quartz
Rutile
Smectite
Sphalerite
Tremolite/Actinolite
Vermiculite
Zircon

Fields*

Gal**

Cerato**

Miller***

y
y
y

Y

Y

Y

y
y
y
y
y
y
y
y

Y

Y
?

Y

Y

Y

Y
Y
y
y

Y
Y
Y

Y
Y

Y

Y

Y

Y

y
y
y
y
y
y
y

Y
Y

Y
Y

Y

Y

Y

Y
y

Y
Y
Y

y

*samples from country rock
**samples from silt/clay fraction
***samples from .25 inch fractions, dry ground to powder.
***Only minerals with unique peaks are reported
1. Gal and Miller reported muscovite and illite as muscovite/illite
2. 3.12 peak used to identify barite; peak not unique

Table 1. Minerals identified at Davis Mine field area
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To determine the minerals in each sample, XRD peaks from each sample run were
attributed as appropriate for the minerals listed in Table 1, using the ICDD data from
Table 2.
Mineral

ICDD #

Mineral

ICDD #

Albite
Albite
Albite
Albite
Albite
Albite
Almandine
Almandine
Alunite
Alunite
Biotite
Chalcocite
Chalcocite
Chalcopyrite
Chalcopyrite
Chamosite
Chamosite
Chlorite
Clinochlore
Clinochlore
Clinochlore
Clinochlore
Clinochlore
Clinochlore
Clinochlore
Clinochlore
Gibbsite
Gibbsite
Gibbsite
Goethite
Hematite
Illite
Illite
Illite

09-0457
09-0466
20-0572
19-1184
20-0554
10-0393
9-427
33-658
04-0865
14-0136
24-0867
33-490
29-578
37-471
35-0752
21-1227
13-29
39-0381
16-362
16-351
12-242
7-160
7-78
29-701
20-671
24-506
07-0324
29-0041
33-0018
29-0713
33-664
29-1496
26-0911
24-0495

Illite
Jarosite
Jarosite
Kaolinite
Kaolinite
Melanterite
Muscovite
Muscovite
Muscovite
Muscovite
Muscovite
Muscovite
Muscovite
Natrojarosite
Pyrite
Pyrite
Pyrrhotite
Pyrrhotite
Pyrrhotite
Pyrrhotite
Pyrrhotite
Pyrrhotite
Pyrrhotite
Pyrrhotite
Pyrrhotite
Quartz
Rhomboclase
Smectite
Sphalerite
Sphalerite
Tremolite
Tremolite
Vermiculite
Voltaite

35-0652
36-0427
22-0827
14-0164
29-1488
22-633
2-0993
07-0025
06-0263
19-0814
34-0175
10-0490
25-0649
36-425
06-0710
6-0710
29-726
25-411
24-220
22-1120
29-723
24-0079
29-0724
29-0725
20-534
33-1161
27-245
29-1490
22-0731
5-566
13-437
31-1285
16-613
20-1388

Table 2. ICDD listings for minerals at Davis Mine field area

29

In many cases, a peak could be produced by more than one mineral. For example,
a peak indicating d(a) 3.34 can be produced by both quartz and mica. Peaks that could
have been caused by more than one mineral were not used. In some cases, this meant that
a mineral clearly visible in the sample material, such as garnet, could not produce usable
XRD data, and therefore, they are not included. Because these bulk soil samples included
a large variety of minerals, many with varying chemical compositions, a multitude of
overlapping peaks were produced. In many cases, these overlapping signals obscured the
distinctive XRD patterns. For this study, minerals were only included if XRD runs
produced a peak for that mineral that did not overlap any other peaks for any other
mineral in any sample taken from the site. Minerals with non-overlapping peaks are listed
in Table 3 and Table 4.
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Mineral

Diagnostic
D-spacing

Diagnostic
2-Theta

Chlorites

14.xx
7.0x

~6.31

Muscovite/
Illite

9.9xx

~8.93

Quartz

4.255
1.818
1.3821

12.65

20.88
50.18
67.92
27.7028.06

Albite

3.22-3.18

Amphibole:

~8.42-8.38

Pyrite

2.4209
1.63xx

37.14
56.45

Hematite

1.8406
1.69414

49.52
54.13

Goethite

4.183

21.24

Jarosite(total):
K/H3O/Na

5.93-5.95
3.06-3.08

K-jarosite
H3O-jarosite
Natrojarosite

5.72
5.67
5.59

14.8914.94
28.9929.18
15.49
15.63
15.85

Table 3. Diagnostic d-spacings and 2-thetas for minerals identified by XRD. Note that
minerals of variable composition are identified by a range of d-spacings.

31

Kjarosite
22-827
d(a)

H3Ojarosite
36-427
I

5.93
5.72
5.09
3.65
3.11
3.08
2.287
1.977
1.825

d(a)
45
25
70
40
75
100
40
45
45

Najarosite
36-425
I

5.93
5.67
5.08
3.116
3.075

d(a)
20
14
60
70
100

5.95
5.59
5.06
3.122
3.066

I
20
30
80
90
100

Table 4. Diagnostic d-spacings and ICDD intensities for jarosite species at field area.
Identifying peaks for total jarosite in bold, and for jarosite species in red.
2.2.4 Quantitative Analysis Methods
Counts/second were used as a proxy for mineral quantity. The counts for each
mineral were then normalized as a percentage of total counts/second of all identified
minerals in that sample.
For any mineral in any sample, Mn = Mc *100/Mtc
where
Mn = normalized count for a mineral in a sample
Mc = count/second for mineral
Mtc = sum of all count/second for all minerals in that sample
This method indicates relative abundances, rather than quantities, and is reliable
for any mineral trend across the site, within the limits of the diffractometer, the sample
collection methods, and the sample preparation methods, and provided that the samples
contain approximately the same mineral suite.
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2.3 SEM Analytical Methods
SEM/EDS was used in conjunction with XRD to characterize and identify
minerals. XRD results identified the minerals within each sample; SEM imaged
individual crystals at various magnifications; and EDS analysis identified the chemical
components of selected individual crystals or areas of crystals. In most cases, this
information (a list of identified minerals in the sample plus the chemical constituents of a
specific crystal) was sufficient to identify a mineral with certainty. The morphology of
specific crystals can then be used to infer mineral formation/dissolution.
Each sample was mounted on a petrographic slide via doublesided tape. Soil
samples were sprinkled on the tape, gently tamped, and then sputtercoated with gold.
SEM work was done on a CarlZeiss EVO 50 XVP Scanning Electron Microscope. Beam
strength (in kV), focal length (working distance), and magnification were adjusted as
appropriate. EDS analysis was done on a Bruker-AXS EDS system with XFlash 4010
SDD, using Esprit-Quantax software.

2.4 pH Slurry Analysis Methods
Because pH is a key factor in jarosite formation and stability, it was deemed
important to determine soil pH in each sample. Slurry analyses, which are frequently
used in agriculture to determine whether the soil is appropriate for a proposed crop,
measures the “active acidity” in a soil sample. Active acidity is part of the soil’s total
acidity and it refers to the concentration of soluble ions contained in the soil. The soluble
ions are generally considered to be the H+ ions; however, Al3+ ions are also sometimes
included.
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In soils, active acidity is not identical to total acidity, which consists of both reserve
acidity and active acidity. Reserve activity refers to the concentration of hydrogen ions
attached to clay and other soil material. Reserve and active acidity are related; however,
the exact relationship is a unique to a given soil type, and is determined by the amounts
of clay, organic, and buffering material in the soil. A clay-rich soil, for example, tends to
have greater reserve acidity capacity than a sandy soil. (Wortmann et al., 2003.)
Soil slurries were obtained by mixing a given mass of soil sample with an equivalent
volume of de-ionized water, stirring at intervals, and then determining ion concentration
with a pH probe.
For each sample, oven-dried material was sifted through a 0.6 cm mesh sieve.
Remaining material was then pressed through the sieve lightly. Sieved material was then
lightly ground with a porcelain mortar and pestle.
Thirty grams was measured into a 50-ml beaker. Thirty ml of de-ionized water was
added. (When sufficient sample was unavailable, 25 g of sample and 25 ml of water were
used.)
The slurry was stirred 4 times over the course of an hour, and then the pH was
measured, using a Orion 9165BNWP Sure-Flow Electrode.
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CHAPTER 3
RESULTS

3.1 XRD Results
XRD results indicate that this site can be divided into five separate areas, each
distinguished by a distinct mineral assemblage. In addition, XRD results show that trends
for pyrite, jarosite, goethite, and hematite appear related throughout the site.
Minerals confirmed in the 6.35 mm fraction of the samples from the Davis Mine
site are: chlorite, muscovite/illite, quartz, albite, amphibole, pyrite, hematite, goethite,
with mineral diagnostic peaks labeled. Figure 12 shows typical diffractograms, stacked.
Diagnostic peaks are in most cases not the most prominent peaks. Each diagnostic peak

Figure 12. Sample diffractogram. This shows stacked runs for all samples from T1W6

was chosen because it could be assigned with certainty to one particular mineral.
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Note that most peaks are unidentified. In general, unidentified peaks can be
attributed to more than one mineral. Appendix B shows all diffractograms, stacked by
core, which gives a sense of mineral variation with depth.
Counts/second for the diagnostic d-spacings for all samples are given in Appendix
C. These data must be considered as approximate. One run was done per sample, and
additional runs would show small variations in actual counts. Such variations are
standard, and result from the vagaries of machine operation. Appendix C also gives both
the predicted ICDD d-spacing and the observed d-spacing. Again, variations can be seen.
Variations have two likely origins. First, they may result from XRD performance.
Second, and of more significance, they may reflect differences in chemical composition.
For example, at this site, three jarosite species are present: K-jarosite (jarosite), Najarosite (natrojarosite), and H3O-jarosite (hydronium jarosite). Each has a slightly
different crystallographic structure, and the observed d-spacings reflects this.
Similarly, a variety of chlorite species are present on site, likely reflecting
differences in chemical compositions. However, all are lumped together as ‘chlorite.’
Similar protocols were followed with other minerals. Also, it is worth noting that illites
and muscovites are lumped together, with a d(a) of ~9.9. Note that the d-spacing range
for the amphiboles is particularly broad, reflecting the extreme compositional variations
in these minerals.
Despite the uncertainties inherent in these data, two sets of patterns are clear.
First, the site divides into five distinct areas, each characterized by a distinctive mineral
assemblage. Second, there are strong relationships among the pyrite and pyritesecondary minerals.
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13-a

13-b

13-c

13-d

13-e

13-f
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13-g

13-h

13-i
Figure 13. Five distinct mineral assemblage areas exist at Davis Mine. These piecharts
show normalized relative peak height abundances for minerals in each core, indicating
how mineral assemblages differ by area. Cores T1W2 and T1W3 (13a,b) are located in
Area 1, which is in the waste area close to Well 3. Cores in this area contain large
amounts of pyrite. Figure 13-c,d shows cores T1W5 and T1W6, which are located in
Area 2, in the podzol region of Transect 1. Cores in this region can be recognized by their
lack of a distinguishing assemblage marker. Cores T2-0 and T2W1a (13-e,f) are located
in Area 3, in the waste pile area near Well 8. The assemblage in Area 3 contains
goethite. In the field, the goethite is found as part of a jarosite-goethite crust. Core T2W3
(13-g) shows the assemblage in Area 4, which is located at the edge of the waste pile on
Transect 2. This assemblage is distinguished by its relatively large quantity of hematite.
T2W4 and T2W5 (13-h,i) show core assemblages in Area 5, at the podzol area of
Transect 2. This is the only site area in which XRD analysis detected no jarosite.
This site shows five areas of clearly different mineral assemblages. (Figure 13)
Pie charts shows total diagnostic counts, normalized as percentages, for each mineral in
each core. The total count of all minerals in each core is set equal to 100, to allow
comparisons among cores.
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Transect 1 contains two distinct assemblages. The first is in Area 1, which is near
Well 3 in the waste pile area of the transect, and consists of cores T1-W-2 and T1-W-3.
(Figure 13-a, b) This assemblage is diagnostic because it contains the most pyrite (5%
and 20% of relative peak height abundances) and the least chlorite (3% and 1% of
abundances) of any of the cores. Additionally, in these two cores, quartz abundances are
about twice those of albite. In all other cores, except for the hematite-rich core, quartz
and albite show up in roughly equal proportions.
The second assemblage is in Area 2, which is located at the original soil area of
Transect 1, and includes T1-W-5 and T1-W-6. There is no distinctive assemblage: these
cores contain jarosite, quartz, albite, chlorite, muscovite/illite, amphiboles, and hematite.
T1-W-5 contains pyrite, whereas T1-W-6 does not. Jarosite relative abundances amount
to 14% and 10% of the total, respectively. Muscovite/illite counts amount to 3% and 5%
respectively. Hematite, pyrite, and amphiboles each account for 1% to 2% of the total.
The remainder consists of albite and quartz. (Figure 13-c,d).
The third assemblage is in Area 3, which is located in the waste pile area near
Well 8, and includes cores T2-0 and T2-W-1a. The assemblages from this area have a
greater abundance of jarosite than any of the other assemblages. (Figure 13- e,f) Jarosite
provides 15% of the total counts for T2-0 and 27% for T2-W-1a. The only assemblage
area with comparable jarosite lies in the Area 2, on Transect 1. In that area, jarosite
abundances are 10 % (T1-W-6) and 14% (T1-W-5), which is still lower than found in
Area 3.
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The assemblages in Area 3 are also the only assemblages with notable amounts of
goethite. In Area 3 cores, goethite provides about 1% of the total abundances, which is
not high. Goethite is not distributed evenly, however. It only appears in surface levels,
where the relative abundance of goethite is a substantially higher. Goethite relative
abundance is 11% for T2-0 and 8% for T2-W-1a. Other than in the Area 3 cores,
goethite appears in only one other sample, in Area 1, where it has an abundance of of less
than 1%.
In Cores T2-W-0 and T2-W-1a, quartz and albite each contribute about between
22% and 27% of the total abundance. Pyrite is present minimally in T2-W-1a (1%), but is
absent in T2-0. Both contain minimal amounts of hematite (1% and >1%), and amphibole
(3% and 2%), and about 4% to 6% for muscovite/illite abundance.)
The fourth assemblage, located in Area 4, and represented by T2-W-4, is
somewhat of an outlier. (Figure 9-g) This is the only core that contains substantial
hematite (3%). Hematite is not distributed evenly throughout the core. It appears only
from 28 to 43. At this depth, hematite supplies a hefty 21% of the total relative peak
height abundances.
The hematite in these samples, while broken during (or possibly before)
collection, appears closest to reniform in morphology. Pieces range to several
centimeters, and may have been larger before collection. Other than the hematite
collected from this core, all other samples of pyrite secondary minerals from this site
were of micron size. So the size difference here is substantial.
Area 5, which provides the fifth mineral assemblage, is located at the original soil
end of Transect 2. It includes T2-W-4 and T2-W-5. (Figure 13-h,i). This is the only site
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area in which, according to XRD analysis, jarosite is absent from the assemblages. All
other cores contain a minimum jarosite abundance of 6%. A close visual examination of
T2-W-4 suggests that the XRD run may (or may not) contain a very minimal peak at the
location of a peak predicted for jarosite, but this peak is not clearly distinguishable from
noise. No other indications of jarosite appear, and no jarosite peaks were not found by
analysis software. There is theoretically no reason that jarosite could not appear in this
site area.
Core T2-W-4 contains minor amount of pyrite and hematite (about 1%), while
T2-W-5 contains neither. Other than that, the mineral assemblages of these two cores
match neatly. Albite provides about 37% of the total abundances; quartz, about 38%;
amphiboles, about 6%; muscovite/illite, 4%, and chlorite, 17% and 10% respectively.

It is worth noting that Areas 1, 3 and 4 lie close to the wells and closer to the
water tables than Areas 2 and 5. Similarly, although the map data showing the waste pile
locations must be treated cautiously, it is nonetheless intriguing that Areas 1, 3 and 4
appear to be located within the waste pile regions, whereas areas 2 and 5 are not.
(Figure 9)

Although mineral assemblage is not inevitably reflected by soil appearance,
samples collected from each of the five assemblage areas do differ in appearance. This
supports the idea that there are five separate mineral assemblages at this site. (Figure 14)
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Distinctive
yellow
mottles

Figure 14-a

Possible Ferich material

Possible Clay
Figure 14-b.

Soil horizon
beneath crust

Goethite-jarosite
crust
Figure 14-c.
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Figure 14-d.

Figure 14-e.
Figure 14. Images of soil from each assemblage area. Soil from Area 1 is shown in 14-a.
This soil exhibits distinctive yellow patches, which are consistent with descriptions of
jarosite mottles. This is supported by the XRD identification of jarosite in this sample.
Sample from Area 2 is shown in 14-b. This sample is from the original soil area of
Transect 1. It shows a mixture of organic material, an iron-rich material, and a clay-like
substance. 14-c shows sample taken from the surface level of Area 3, which is the spoil
pile area of Transect 2. Note the sharp boundary between the reddish goethite-jarosite
crust and the subcrust soil. Samples from site Area 4 are shown in 14-d. Note that
hematite in this area is large enough to be a hand-sample. Podzol from Area 5 is seen in
14-e; this sample, which is organic material, is taken from the original soil area of
Transect 2.
So, both mineral assemblage and sample appearance correlate to site area.
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Similarly, mineral trends with depth show distinct differences in each of the five
areas, providing additional evidence that these areas have different mineralogic patterns.
Further, in all site areas, pyrite, hematite, goethite and jarosite vary together in consistent,
although sometimes complex, ways.
Figure 15 a-i shows trends for all minerals with depth by core. In these graphs,
which report XRD data, peak height abundances for all minerals are normalized to total
counts within that core.

15-a (Area 1)

15-b (Area 1)

15-c (Area 2)

15-d (Area 2)
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15-e (Area 3)

15-f (Area 3)

15-g (Area 4)

15-h (Area 5)

15-i (Area 5)
Figure 15. Mineral distributions with depth, by core. Horizontal axes refer to XRD
counts. In Area 5, only two samples were analyzed for each core, so trends in this area
most likely reflect closure errors.

Figure 15 is provided to give an overview of mineral distribution throughout the
site. In general, especially in spoil pile areas, abundance patterns for most minerals do
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not reflect genetic conditions. However, abundance patterns for pyrite and its secondary
minerals do in most cases reflect genetic conditions. This is because pyrite is very
reactive, and the secondary minerals are known to form quickly (and often locally) from
pyrite oxidation products. Therefore, isolating the abundance trends for pyrite, goethite,
hematite, and jarosite is useful in clarifying the interlinked behaviors of these four
minerals. Abundance patterns with depth for these four minerals also reveal distinct
patterns in each site area. (Figure 16 a-i)

Figure 16-a (Area 1)

Figure 16-b (Area 1)
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Figure 16-c (Area 2)

Figure 16-d (Area 2)

Figure 16-e (Area 3)
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Figure 16-f (Area 3)

Figure 16-g (Area 4)

Figure 16-h (Area 5)
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Figure 16-i (Area 5)
Figure 16. Relative abundance patterns for pyrite, jarosite, goethite, and hematite, by
core. Note that the horizontal axes are not identical; this was done to show the patterns
more clearly.
In general (and predictably), there is an inverse relationship between pyrite and its
secondary products. There are also distinct relationships among the secondary minerals
themselves. However, these are more complex, and tend to vary with site area.
For example, consider cores T1-W-2 and T1-W-3. (Figures 16-a, b) Here, jarosite
and pyrite are the most abundant minerals, and their trends are inversely related. In both
cores, pyrite is by far the most abundant mineral at depth. But toward the surface, pyrite
decreases, and jarosite increases. In T1-W-2, this relationship is complicated by the
presence of hematite and goethite. At about 72 cm, pyrite abundances drop, as jarosite
rises, and, at that depth, a minimal amount of goethite is identified. However, at 64 cm,
pyrite abundance increases slightly, and jarosite abundance drops slightly. Above that
depth however, pyrite can no longer be detected in that core. Jarosite abundances vary
slightly above 60 cm, but the variation is slight, and most likely a result of expected XRD
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experimental variation. A small amount of hematite was detected at about 32 cm. (Figure
16-a)
In T1-W-3, as in T1-W-2, pyrite is abundant at depth, decreasing toward the
surface; pyrite is not present above 32 cm. Jarosite abundance is lowest at depth. It
increases notably at about 47 cm, and its abundance level remains largely consistent to
surface. However, jarosite abundance does vary slightly in the presence of hematite, and
here, although abundances are slight, the trends clearly are inversely related. At surface
level, a slight drop in jarosite abundance correlates with the presence of hematite, and
again, at about 26 cm, a slight drop in jarosite abundance correlates with an increase in
hematite. (Figure 16-b) (However, these correlations must be treated with extreme care,
as both total counts and relative changes are very small.)
In Area 2, (16-c, d) the inverse relationship of jarosite and hematite is very
striking. In this area, there is no goethite at all, and pyrite is found only in a single
sample. But jarosite and hematite are found in both cores, in nearly all depths. And
throughout both cores, the inverse relationship holds. In T1-W-5, jarosite increases
somewhat from the surface to about 19 cm, with a more rapid increase from 19 cm to 25
cm. Comparatively, hematite abundance decreases slightly from surface to about 19 cm.
But at 25 cm, where jarosite abundance is highest, hematite is absent. At the next sample
level, about 32 cm, hematite reappears, and jarosite abundance drops. This same pattern
is also strongly apparent in T1-W-6. (Figure 16-d)
In Area 3, represented by cores T2-0 and T2-W-1a, jarosite is the most abundant
of these minerals at all depths in both cores. However, the most notable trend relationship
is between jarosite and goethite. With one minor exception, goethite occurs only in this
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site area. It is limited to the surface level sample, and it appears consistently at this level.
(This is the only area in this study where goethite appears predictably.) XRD results for
T2-W-1a suggests an inverse trend relationship between jarosite and goethite. In this
core, in the surface sample, jarosite and goethite are the only pyrite secondary minerals.
Here, jarosite abundance is less than at depth, and goethite, which is absent from deeper
levels, is present. (Figure 16-f) In T2-W-0, an inverse trend relationship between jarosite
and goethite is absent. Hematite is also present in this sample. However, while jarosite
abundance does not decrease between the surface and next-lowest sample, the rate of
jarosite abundance rise decreases, which may, again, suggest a slight inverse relationship
between jarosite and goethite. (Figure 16-e)
Only one core, T2-W-3, was taken from Area 4 (Figure 16-g). In this core, trend
relationships differ from those in the other cores. Most notably, hematite is the most
abundant mineral (24%) at 30-40 cm in this core, but is near or at zero elsewhere.
Further, jarosite and pyrite both increase at about 32 cm, but from about 40 to 58 cm,
pyrite increases whereas jarosite drops. And, between 58 and 63 cm, hematite and jarosite
both slightly increase. This is the only level in the core where this happens.
In Area 5 (Figures 16-h, i), represented by T2-W-4 and T2-W-5, jarosite and
goethite are both absent. Pyrite and hematite are absent from one core, and minimally
present in the other. Core T2-W-4 suggests an inverse relationship between hematite and
pyrite, which is consistent with patterns found in other areas. However, since only two
samples were analyzed for this core, and since mineral abundances for both pyrite and
hematite are so small, more data must obtained before this trend is considered real in this
area.
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3.2 SEM Results
3.2.1 Jarosite
Jarosite is nearly ubiquitous, found in 10 of the 12 cores, and in four of the five
mineralogical areas. According to SEM/EDS results, jarosite at this site can be divided
into two classes.
These classes differ in two ways. First, they differ in the morphology of the
individual crystals, and, second, in the relationship of the crystals to each other. One class
will be called “variable” jarosite, because these features tend to vary. The second will be
called “donut” jarosite, because the crystals often join together in toroid form.
Examples of variable jarosite, which occurs in Areas 1 and 3, are shown in
Figures 17-a, b. Variable jarosite crystals range substantially in size. Typically in the 1 –
2 µm range, they can be as large as 5 µm, and smaller than 0.25 µm. Morphology also
varies.
Although jarosite typically takes the form of rhombhedral cubes, variable jarosite
exhibits an assortment of morphologies, including pseudocubes, rhombohedrons,
octahedrons, wedges, less definite polyhedral forms, and lathes. Crystals may not be
well-formed, and edges are often round or subround, rather than sharp.
Although variable jarosite crystals can be clumped, more typically they appear as
individual crystals, somewhat scattered and unconnected to their neighbors.
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large (~4
micron)
jarosite crystal

jarosite
lathes
small (~.25 µm)
jarosite crystals

Figure 17-a Sample T2-W-1a 16-20; Area 3
Quartz

jarosite worn
and irregular
in form

varied size
jarosite

Figure 17-b Sample T1-W-3 12-17; Area 1
Figure 17. Variable jarosite in SEM images. These variable jarosite crystals
identifications have been confirmed by EDS. In 17-b, jarosite crystals rest on a quartz
fragment. These variable jarosite crystals vary widely in size. They are somewhat
rounded and loosely packed.
Donut jarosite, the second category, which is found only in Area 2, differs from
variable jarosite in several ways. (Figure 18)
First, the crystals tend to be more uniform in size, and smaller. No crystal larger
than 2 µm was observed; most are less than 1 µm. Perfectly formed pseudocubic crystals
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smaller than 50 nanometers could be observed at a magnification of 48.56K x, and the
images suggest that even smaller crystals would be detected at higher magnifications.
Second, all crystals are sharp-edged, suggesting that no abrasion or dissolution
occurred after their formation.
Third, these crystals are morphologically more uniform. Most commonly, they
are cubic. Rarely, other apparent forms can be detected, including octahedrons,
hexagonal plates, and what appears to be fragments of hexagonal plates.

Possible clay
flake

Jarosite

2 um

Figure 18-a T1W6 12-14; Area 2
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Jarosite
‘donuts’
200 nm

Figure 18-b T1W6 12-14; Area 2. Donut jarosite crystals.
Figure 18. Donut jarosite in SEM images. These images show “donut” jarosite crystals
from sample T1W6 12-14, at different magnifications. Figure 18-a shows a scale bar of
2 um, and Figure 18-b shows the same image with a scale bar of 200 nm. Compared to
the variable jarosite in Figure 17, these crystals are smaller, more uniform in size, sharpedged and unaltered.
Fourth, donut jarosite crystals are always closely packed. (Figure 18). This is
unlike variable jarosite, in which the crystals are loosely packed.
Fifth, donut jarosite always appears as a blanket, or mantle, over another mineral.
(Figures 19, 20, 21)
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Donut
texture
Jarosite
Underlying
mineral
x
Jarosite
19-a

19-b
Figure 19. Donut jarosite covering another mineral. This specimen was taken from
sample T1W6-1214. Figure 19-b gives an EDS analysis of the indicated point in 19-a.
At the right of the image, jarosite rests on an underlying phase.

Figures 19-a and 19-b shows an oblong shape is identified as jarosite on the basis
of EDS data. The fuzzy, “donut” texture of the shape is typical of donut jarosite. Other
examples of putative donut jarosite can be seen at the right and lower left of Figure 19-a,
and these also show a donut texture overlying a second mineral.
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In Figure 20, a relationship between donut jarosite and the underlying substrate is
more clearly seen. Figure 20-a,b identifies an example of donut jarosite, with its typical
texture. Jarosite covers most of this substrate, except for a small patch, indicated in
Figure 19-c. EDS analysis (20-d) indicates that the substrate contains iron and oxygen; it
also shows a small signal for sulfur. This may indicate the presence of sulfur; it may also
result from iron fluorescence. (Both factors may contribute, of course.) However, the

x
O

S

Fe
K

Figure 20-a

Figure 20-b

O

S

Fe

x
Figure 20-c

Figure 20-d

Figure 20. Donut jarosite with visible substrate. This specimen was taken from T1W6
1214 (Area 2). 20-a,b shows the jarosite mantle, with EDS analysis of marked area. 20c,d shows substrate, with corresponding EDS analysis.
substrate does not contain potassium, so it is inconsistent with a jarosite identification.
Also, the surface texture appears to be smooth, further differentiating it from jarosite.
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Also, the apparent size of the substrate (>200 µm) is magnitudes larger than predicted for
supergene (weathering) jarosite. It is likely that the substrate is either oxidized pyrite, or
a ferric sulfate such as copiapite or rozenite, which can serve as transition minerals
between pyrite and jarosite.
In a third image, a donut jarosite mantle extends across a complex substrate.
(Figure 21 a-f). The substrate appears to consist of two separate phases. Figure 21 a,b
provides an EDS analysis of the lower phase, which gives strong silicon-oxygen signals,
indicating quartz. The quartz crystal contains pocked and curving trails, suggesting that it
is partially weathered or consumed. Figure 21 c,d provides an EDS analysis for the upper
mineral, which shows strong sulfur and oxygen signals, an iron signal, and minimal
signals for aluminum, silicon, and potassium. The strong presence of sulfur and iron
indicates that this phase is not quartz; the smooth appearance indicates that it is not
jarosite. EDS analysis and appearance suggest that, like the underlying mineral shown in
Figure 20, this phase contains sulfur, iron, and oxygen. Figure 21 e,f shows a
magnification of Figure 21a, in which the jarosite donut appears to ‘drip’ off the
unidentified substrate.

o

Si

x

Figure 21-a

Figure 21-b
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O

x
S

Figure 21-c

K

Fe

Figure 21-d

Figure 21-e

Figure 21-f

Figure 21. Details of jarosite mantling substrates of two different minerals. This specimen
was taken from T1W6 1214, located in Area 2. Here, a jarosite mantle covers two
adjacent minerals. Below is quartz, above is an iron-sulfur mineral. See text for
discussion.

3.2.2 Goethite
XRD results indicate the goethite is located almost completely in surface samples
(0 cm – 20 cm) in Area 3. Only a single instance was found of goethite at depth; that was
in Area 1.
The common morphology of goethite is a lathe. However, in T2-W-1a 06, which
was the sample examined with SE, all putative goethite appears to be cubes, similar to
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neighboring jarosite crystals. No iron oxide lathes were found. Goethite was the only
iron oxide in this sample by XRD.
In Figure 22-a-d, three crystals, all cubic, range in size from about 1 to ~.25 µm.
They are within 5 microns of each other on this slide, and they all exhibit jarosite and/or
goethite components:
Figure 22- b – EDS for the crystal marked A identifies oxygen, sulfur, potassium
and iron in this crystal, identifying this as jarosite. The cubic form is typical of supergene
jarosite. A minimal signal for silicon appears, as it does in all EDS analyses of this
image.
Figure 22-c – This EDS analysis looks at the small cluster of crystals marked B.
These crystals, which appear to be cubic, give very strong signals for oxygen and iron.
However, there are distinct, though small, signals for sulfur and silica. There may be a
very minimal signal for potassium.
Figure 22-d - This gives the EDS analysis for the 1 µm cubic crystal marked C.
This gives very strong signals for oxygen and iron, and, possibly, weak signals for
aluminum and silicon. No sulfur or potassium signals can be detected. This crystal,
although cubic, is probably goethite.
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MAG: 12225X HV: 15.0 kV WD: 14.0 mm

Figure 22-a

22-b EDS Analysis for crystal A
Fe

O

Fe
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Si
S

K

Fe

Fe

22-c EDS Analysis for crystal set B

22-d EDS Analysis for crystal C

Figure 22. Goethite: SEM images. These minerals were found in from sample T2W1a 06,
located in Area 3. The crystal marked A is jarosite, the cluster marked B may show a
jarosite-to-goethite transition, and the crystal marked C is an iron oxide, almost certainly
goethite. See text for discussion.
3.2.3 Hematite
Hematite occurs throughout the site, commonly in small amounts. However, an
unusually large abundance occurs in two adjacent samples in one core in Area 4.
Hematite morphology varies widely throughout the site, including cubes, flakes, and
masses of varying sizes. Although sample sizes are too small to be definitive, the images
suggest hematite morphologies can be matched to site areas.
No hematite was imaged from Area 1, although XRD indicates a small hematite
presence.
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Hematite in Area 2 takes the form of a solid mass. (Figure 23) The EDS analysis

Fe

x
O

Fe
S
Si

Figure 23-a

Figure 23-b

O

Fe

x

S
Si

Fe

Figure 23-c

Figure 23-d

Figure 23. Hematite as mass: SEM images. This specimen was taken from Area 2 (T1W6
12-14). Figure 23-c shows a detail of 23-a. EDS analysis is shown in Figures 23-b and
23-d. See text for explanation.
shown in Figure 23-b gives very strong signals for iron and oxygen, which, in
conjunction with XRD results, identifies this as hematite. A faint signal for sulfur is
present. A very faint silicon signal may be present. Potassium is not detected. The overall
square shape and the apparent size are similar to pyrite crystals in Area 1. Figure 23-c,d
looks at a detail of 23-a,b. The mass appears solid, even at this magnification. Some
apparent terracing may be seen. There may be some irregular, rounded forms strewn
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across the surface; however, these forms seem similar in reflectivity and texture to the
bulk mass, so it is not obvious whether they are part of it, or resting on it. EDS finds very
strong iron and oxygen signals; however, there are also clear signals for sulfur, silicon,
and potassium. These may be from minerals, or they may be from amorphous colloid-like
substances.
In Area 3, hematite takes a specular form. (Figure 24) Very thin hematite plates
appear in layers both above and below a quartz fragment that is coated with jarosite
crystals.

x

Figure 24-a

Figure 24-b

Figure 24. Hematite in specular form: SEM image. Specular hematite (X) sandwiches a
quartz fragment. X also indicates point of EDS analysis. This specimen is taken from
Area 3, sample T2W-1a-3436. See text for discussion
In Area 4, where hematite is anomalously abundant, it takes the form of fragments
several centimeters in size. (Figure 25-a) This is much larger than secondary minerals
elsewhere on this site, all of which, including hematite, are found only in micron-size.
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Figure 25-a Hematite, from Area 4, T2W3 14-17

Figure 25-b

Figure 25-c

x

Figure 25-d

Figure 25-e
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x

Figure 25-f

Figure 25-g

Figure 25. Gossan hematite: SEM images. This hematite was collected from site Area 4
(sampleT2W-3-1417). This core shows anomalously high amounts of hematite. Figure
25-a shows a typical hand-sample from this depth; this rock type was not found in any
other core or sample on this site. Figure 25-b and 25-c, shows this sample enlarged.
Figures 25-d through 25-g show the sample under magnification high enough to
distinguish separate, layered phases of hematite (25-d,e) and probable clay (25-f,g). See
text for discussion.
Figure 25-b,c shows a similar sample under low SEM magnification. The EDS
analysis reveals a composition that includes iron, oxygen, silicon, and aluminum. The
iron and oxygen signals are consistent with an iron oxide, which according to XRD
analysis should be, in this sample, hematite. The silicon and aluminum signals suggest
the presence of clay.
Higher magnification (Figures 25-d-g) shows that this sample is formed of two
phases in alternating layers. Figures 25-d,e show a layer of crystals of approximately
similar size (less than 0.25 µm diameter) and of cubic crystal form. This layer produces
strong iron and oxygen signals, and is consistent with hematite. Figures 25-f,g focuses on
a ‘flake’ layer, which produces a stronger aluminum-silicon signal, and is consistent with
clay. A muted iron-oxygen signal can still be seen in 25-g. This is mostly likely because
EDS samples components to a depth of 1 to 2 µm, thereby gathering signals from
material slightly below the visually observed surface layer. Similarly, Figure 25-e
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produces a weak Al-Si signal, consistent with underlying clay. Also, if the clay is ironrich, the iron signals could be produced both by the clay and the hematite.
In Area 5, hematite seems to occur in a variety of forms, including masses and
clusters. (Figure 26) This contrasts with the other site areas, where hematite has a
characteristic form for each area (e.g., specular in area 3; cubes inter-layered with clay in
area 4.). However, the sample size is very small, so additional data are required to
confirm this.

x

Figure 26-a

Figure 26-b
Ferric
pyritohedral
form

Figure 26-c

Figure 26-d
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Figure 26-e
Figure 26. Hematite from area 5: SEM image. Figure 26a-e shows images of hematite
from Area 5 (T2W4 1520). See text for discussion.
One image shows hematite as a bean-like mass. (Figure 26-a,b) This mass is
covered at the lower end by a silica-alumina casing, reminiscent of the clay found with
hematite in Area 4.
Another image, taken of the same sample, shows hematite and possibly other
minerals massed in a pyritohedral form. (Figure 26-c,d) The individual crystals seem of
varied morphology, and aggregated loosely enough to allow individual crystals to be
distinguished. EDS analysis identifies Si, Al, Fe, and O as components of the
pyritohedral form. However, the very strong Fe signal is consistent with the interpretion
that this form contains hematite. Again, a clay (Si-Al) component seems to be associated,
as in the gossan hematite in Area 3. (Figure 26-c,d)
This striking pyritohedral form is shown at higher magnification in Figure 26-e.
Again, although this shape is composed of an aggregation of varied and often amorphous
forms, the overall form is strongly reminiscent of pyritohedral pyrite.
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3.2.4 Pyrite (in transition)
According to XRD analysis, pyrite is found, at least in minimal amounts, in all
five site areas. However, EDS identification of crystals that appear to be pyrite is often
ambiguous. This is because although pyrite contains only iron and sulfur, EDS analysis
finds oxygen as well as iron and sulfur in such minerals.
Discussed here are two sets of images. One is of framboidal pyrite-like crystals
with a weathered appearance and a small oxygen component. (Figure 27) The second is a
pyrite-like crystal that appears to be even more strongly weathered. (Figures 28, 29) Both
images are taken from Area 1, from the same core (T1W-3). The first was taken from a
depth of 50.8-53 cm. The second was taken from a depth of 43-50.8 cm.
Figure 27 a, b, c, and d show what appears to be weathering, cracking, or
dissolution pits in pyrite crystals, along with their EDS data. Other than these cracks, the
crystals appear fairly intact. EDS analysis indicates a weak signal for oxygen, in addition
to the expected iron and sulfur. This weak signal may indicate that oxygen exists in the
sample, or it may result from the presence of iron, through iron florescence.
In other words, during EDS analysis, the bombarding X-rays release electrons
from their atomic shells. Sometimes these electrons have enough energy to release other
electrons, from the shells of other, nearby atoms. Electrons released from iron are
particularly prone to produce this secondary signal, because iron is a large and heavy
atom. That means that electrons released from iron are particularly energetic, and
therefore can more easily bounce into nearby atoms, knocking away electrons from those
shells. If, for example, oxygen atoms are close enough to the scattering iron electrons,
then oxygen atomic-shell electrons can also be released, and the EDS will indicate that
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oxygen is present at the point of interest, even though oxygen atoms may simply be
nearby. Iron electrons can also cause nearby sulfur atoms to fluoresce. EDS results must
be interpreted with these ambiguities in mind.
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Figure 27-a

Figure 27-b
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Figure 27-c

Figure 27-d

Figure 27. Pyrite with some weathering: SEM images. Images a-d shows crystals
composed of oxygen, sulfur and iron, along with EDS analysis See text for discussion.
The oxygen signal here is weak enough that it may not reflect the true mineral
composition at the site of analysis.
Another mineral, taken from a sample slightly higher in the same core (depth 4350.8 cm), can be seen in Figures 28 and 29. This mineral looks like a weathered pyrite
crystal; EDS analysis, however, gives an iron signal, a sulfur signal, and a very strong
oxygen signal, suggesting a mineral other than pyrite.
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Figure 28-a
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Figure 28-c
Figure 28. Pyrite with two textures: SEM images. This shows a crystal taken from Area 1
(sample T1w3 1720). Figure 28-a shows the whole form, Figure 28-b shows the EDS
analysis of the indicated point. Figure 28-c shows a magnification of a portion of this
crystal with two distinct textures. See text for discussion.
Figures 28-c focuses on a portion of this crystal with two distinct textures. Over
most of its surface, the crystal surface is solid, but below the diagonal gap fault, a portion
of the surface changes along a straight boundary to a filigree texture.
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Figure 29-b

Figure 29-d

x

x
x

Figure 29-a

Figure 29-c

Figure 29. Detail of filigree pyrite texture: SEM image. This shows the filagree texture at
greater magnification. EDS analysis show composition of this filagree texture at two
points, and of a rounded or unfocused form on the solid surface area of this crystal.
A closer look at the filigree pattern (Figure 29) shows that at various points this
texture is consistent with a variety of minerals. For example, at the point analyzed in
Figure 29-b, the texture has K, O, S, Al, Si, and Fe. In other words, here it has all the
components needed for jarosite (plus more). However, at the point analyzed in Figure
29-c, the texture shows only oxygen, sulfur, and iron: the components of oxidized pyrite
or another iron sulfate. Similar variations were found at other points in this filigree
pattern.
Also worth noting is that some crystals are scattered over the smooth surface of
the crystal in Figure 29. Although focus is poor, EDS shows that at least one of these
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crystal contains jarosite components. (Figure 29-d) This crystal, about 2 µm in diameter,
also has a morphology is similar to jarosite commonly found in the areas at Sites 1 and 3.
The worn appearance of this crystal may result from poor focus, or may accurately depict
the crystal.

3.4.1 Slurry pH Analysis Results
Soil pH data was gathered because pH is a key factor in the formation and
stability of minerals in the pyrite-jarosite-goethite continuum. According to the
Massachusetts Soil Survey, soil pH in the Davis Mine area is expected to be between 4.5
and 5.5. Slurry pH testing of samples taken from the field found that pH ranged from
1.98 and 4.8, with the bulk of values between 3 and 4. (Table 5.)
Site Area

Sample

pH

Comments

1
1
1
1
1
1
1
1
1

T1W-2
0-10
10-12
12-14
14-15
15-19
19-23.5
23.5-27
27-30

3.41
3.74
3.72
3.97
3.64
3.72
2.25
2.25

Much organic matter

1
1
1
1
1

T1W-3
0-4
4-7.5
7.5-12.5
12.5-17

4.26
2.85
3.67
2.26

1

17-20

1.98

1

20-21

1.98

dark as if organic matter
soil-beige
soil-beige
Slurry water -rust-colored
soil-beige
Slurry water -rust-colored
soil-beige
Slurry water -rust-colored

2
2
2
2
2

T1-W-5
0-6
6-9
9-10.5
10.5-14

3.67
3.64
3.45
3.46
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Much organic matter
Much organic matter
garnets and chlorite

2

14-17

3.74

2
2
2
2
2
2
2

T1-W-6
0-5.5
5.5-8.5
8.5-10.5
10.5-12.5
12-14
14-16

3.78
3.96
3.86
3.96
4
4

3
3
3
3
3
3

T2-0
0-8
8-16
16-23
23-30
24-31

3.03
3.25
3.46
3.49
3.29

3
3
3
3
3
3
3
3
3

T2-W-1a
0-6.5
6.5-10
10-16
16-20.5
20.5-24
24-27
27-34
34-36

4
4
4
4
4
4
4

T2-W-3
0-7.5
7.5-11
11-14.5
14.5-17
17-21.5
21.5-24

3.26
3.17
3.42
3.52
3.72
2.95

5
5
5
5
5
5
5

T2-W-4
0-11
11-15.5
15.5-20.5
20.5-24
24-27
27-29

3.91
4.43
4.61
4.8
4.73
4.73

5
5
5
5
5

T2-W-5
0-7
7-11.5
11.5-15.5
15-19

3.33
3.31
3.33
2.65//3.15
2.83//3.32
3.52
3.57
3.44

4.4
4.8
4.8

Table 5. Results of soil slurry pH measurements
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Depth vs pH across the entire site is shown in Figure 30, and depth vs pH
for each of the five mineralogic areas is shown in Figure 31.

Figure 30. Slurry pH results for entire site. This provides depth vs. pH comparisons for
all samples

When viewed in toto, this data shows no clear patterns, although Areas 1, 2, 3,
and 4 give a somewhat lower pH than predicted by the Massachusetts Soil Survey, while
Area 5 does show the pH expected for this region.
However, when this data is separated into the five site areas, distinct patterns
emerge. (Figure 31).
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Figure 31-a shows pH results for Area 1. Here, pH drops to 1.98, its lowest value.
The slope is also unique to this area. At surface depths, pH is comparatively high,
between 3 and 4. However, at depth it drops sharply. Because the two cores in this area
reach different depths, this pattern is somewhat obscured when data from both cores are
combined, as in 31-a. However, when they are separated into individual cores (Figure
31-b,c), it is clear that in both T1W-2 and T1W-3, pH distribution follows the same basic
positive-sloped curve. In both these cores, decreases in pH correlate with increasing
pyrite abundance. (Figure 16-a,b)
In Area 2, which includes cores T1W-5 and T1W-6, pH values are tightly
concentrated between 3.45 and 4, and remain the same throughout the cores (Figure 31d). This pH is somewhat lower than is expected for this soil type. The pH range is
strikingly close to the levels shown for T1W-2 if the pyrite -containing samples are
excluded from T1W-2.
In Area 3, which includes cores T2-0 and T2W-1a, pH again remains in the same
tight range of 3.03 to 3.49 from surface to depth (Figure 31-e). This is slightly lower
than the range in Area 2.
Area 4, which contains the single, hematite-abundant core T2W-3, has a pH
range of 2.95 to 3.52 from surface to depth. (Figure 31-f) This range is slightly broader,
but is basically comparable to that in Area 3. pH remain consistent from surface to depth.
Area 5, which contains cores T2W-4 and T2W-5, has a pH range of 3.91
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Figure 31-a

Figure 31-b

Figure 31-d

Figure 31-e

Figure 31-f

Figure 31-g

Figure 31-c

Figure 31. Slurry pH results by mineralogic area. This gives depth/pH correlations for each
mineralogic areas, with separate charts for each core in Area 1. See text for discussion.
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to 4.8. (Figure 31-g) This is the highest slurry-pH range found on this site. In this area,
pH is lowest at surface, and increases with depth. Area 5 is the only area that falls within
the pH-range expected for this Berkshire soil; it is also the only area that lacks jarosite.
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CHAPTER 4
DISCUSSION

4.1 Overview
This study site can be devided into five areas, which are distinguished by mineral
assemblage, crystal morphology, pH pattern, soil appearance, and initial soil composition
(Figure 32). The abundant, although coarsely-resolved, data provide some understanding
of jarosite formation and distribution.
As discussed earlier, jarosite forms and persists only within highly specific
conditions. Jarosite requires an oxidized (Eh greater than 0), low pH (less than 3)
environment. These constraints are interdependent: e.g., at lower pH, jarosite stability
requires higher oxidation potential. In addition, jarosite requires sufficient concentrations
of sulfur, and iron. A third ion is also required, which can be potassium, sodium,
hydronium, silver, or lead. At the Davis Mine site, the ion is typically potassium, sodium,
or hydronium; XRD and EDS analysis suggest that potassium is most common.
Sufficient water must also be present.
At the Davis Mine, the conditions required for jarosite formation and stability
arise primarily from the presence of oxidizing pyrite. As pyrite oxidizes, pyrite
components Fe2+ and S- transform, at varying rates, into Fe3+ and SO42-. These ions
combine, dissolve and recombine multiple times, moving through a sequence of mineral
phases, and ultimately stabilizing as an iron oxide.
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Figure 32. Locations of site areas and mineral paths. Included are images of jarosite
typical of each site area.
But the specifics of this process are controlled very locally. The morphology that jarosite
takes, the iron-oxide species formed and its morphology, the mineral sequence
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that appears, the process that leads to appropriate formation conditions – these are
controlled not just by a local environment, but also by a microenvironment, which
exists on a scale of microns.
At Davis Mine, there are three paths that can be followed by pyrite-oxidation
components. To understand how jarosite and the other secondary minerals at a given site
area have formed, it is necessary to determine which path the oxidation components are
following, and how far along that path the components have moved.
Figure 33 is a schematic diagram of the three paths. Table 6 shows the site area
where each path occurs, the minerals produced by each pathway, and the morphologies of
that pathway’s jarosite. It also lists the relevant samples and figures for each pathway.
As shown in Figure 33, the different paths are based on different combinations of
the mobility of the oxidation component. Both Fe and S can be mobile, or neither can be
mobile, or sulfur alone can be mobile.
Here, mobility is a qualitative term, and, in this discussion, “mobile” means that
the component moves away from the original pyrite location before it is incorporated into
another mineral phase, while “less mobile” means that the component is incorporated into
another phase within microns of the original pyrite grain. Component mobility is inferred
from mineral distribution and morphology.
It is not clear what controls mobility. It is possible that activity of water may be a
factor: at Davis Mine, the site areas that had lower water tables and were farthest from
Effluent Stream had least component mobility. Speed of oxidation may also be a factor,
with faster oxidation promoting jarosite formation. (Poch et al., 2009)
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Path

1

2

3

Iron/Sulfur
Mobility

Minerals
Observed

Jarosite
Characteristics

Site Area
Location

Core

Figure

Fe mobile
S mobile

jarosite

crystals loose
wide crystal size range
~1-2 microns, but
up to ~5 microns
varied morphology
edges can be worn

1

T1W3

Figure 16-b

3

T2W1a

Figure 16-a

goethite

cubic

3

T2W1a

Figure 21

hematite

specular

3

T2W1a

Figure 23

hematite

no jarosite
varied morphology

5

T2W4

Figure 25

micron-scale crystals,
interlayered with clay

4

T2W3

Figure 24

crystals form a micronscale mantle on a
different phase
~< .5 micron in size
edges always sharp

2

T1W6

Figure
Figure
Figure
Figure

Fe less mobile
S mobile

Fe less mobile
S less mobile

jarosite

17
18
19
20

Table 6. Data supporting three pathways.
In Path 1, both iron and sulfur ions go into solution as the pyrite weathers. This
implies that, at the location of the pyrite crystals, the concentration of ions or the pH
levels prohibit jarosite formation. On this path, the ions are carried away from their
initial location. Many fates are possible for these ions: adsorption, dilution, or
precipitation. For example, with low sulfur concentrations, the Fe-ions might precipitate
directly as an iron oxide. On Path 1, jarosite will only form if, at some point, Fe, and S
ions become sufficiently concentrated.
The distance that the ions travel is irrelevant for jarosite formation, and can range
from microns to meters. The critical point is that initially the ions move into a solution
that is too dilute to form jarosite, and later, the solution becomes concentrated enough for
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jarosite precipitation. Such concentration could happen in a variety of ways, such as
through evaporation or through the dissolution of additional pyrite.
At Earth ambient conditions, jarosite is not the end point of Path 1. Iron oxides
are the final, stable species. At the Davis Mine, jarosite transforms into goethite. This
probably happens as the surrounding microenvironment becomes undersaturated in sulfur
with respect to jarosite. In this situation, goethite replaces jarosite. There is also evidence
that, at Area 3, hematite forms directly from solution, without a jarosite intermediary.
The key evidence for jarosite formation by Path 1 lies in the mineral distribution
and the jarosite morphology (Table 6). Pyrite and Fe-S minerals are largely absent from
samples in Area 3, suggesting strongly that jarosite components originated elsewhere. In
Areas 1 and 3, the jarosite crystals are scattered, suggesting precipitation from solution.
In both site areas, the crystals vary in size and morphology, and may, but do not always,
have smoothed corners, suggesting that they grew over a long period, with partial
dissolution in some cases.
Path 2 is the most well-known and extensively studied of these paths, as it
describes gossan formation. On this path, jarosite does not form. As the pyrite oxidizes,
the sulfate is carried away, while the less mobile Fe3+ ions become iron oxide at the
pyrite location.
At the Davis Mine, this path evidently occurs in Area 5. Area 4 also includes
gossan hematite formed by Path 2, but the hematite found Area 4 was probably formed
elsewhere at Davis Mine, as part of the oxidation of the original pyrite ore body, and then
transported to its present location during the mining process.
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Evidence for Path 2 is primarily mineral morphology and EDS analysis. Hematite
from Area 4 is in cm-size specimens comprised of micron-thick layers of clay and
hematite, likely part of a gossan cap. Hematite in Area 5 has a less compelling
morphology; nonetheless, individual samples are strongly suggestive of a pyrite origin, at
least for some of the hematite. In particular, iron oxide can be found in pyritohedral form.
(Figure 26)
In Path 3, both iron and sulfur are less mobile. As pyrite oxidizes and
disintegrates, a high concentration of ions remains at the pyrite location. Also because of
pyrite dissolution, pH at the pyrite location is low. The band of high ion concentration
appears to be very thin – only microns wide – and it is at or close to the surface of the
oxidizing pyrite. The band is probably not homogeneous in concentration. It may consist
of a diffusing gradient of ions that exists only within a few microns from the parent
mineral. However, within this band, jarosite formation conditions exist, and the mineral
seems to have formed quite quickly.
It is possible that a thin film of water persists at the surface of the iron sulfate, and
that, as the iron and sulfate ions are freed from the iron-sulfate, they crowd into and are
trapped by this thin film of water. When concentrations become oversaturated, jarosite
quickly precipitates.
Evidence for Path 3, again, is found in the XRD patterns and SEM/EDS images.
Jarosite in this path is found only in a microns-thick mantle covering a second mineral,
which most typically is an oxidizing pyrite crystal. There is one example of a jarosite
mantle forming on quartz fragment adjacent to oxidizing pyrite. The jarosite crystals tare
very small (on the order of less than 0.25 µm), tightly packed, and sharp edged. These
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characteristics indicate that these crystals formed quickly around an oxidizing pyrite core,
that formation conditions existed in only a very small band around this core, and that the
crystals remained in their formation location.

4.2 Path 1 at Davis Mine
At the Davis Mine, Path 1 is predicted to occur in two site areas: inArea 1, near
Well 3, and in Area 3, near Well 8. Area 3 provides a more straightforward example.
Because minimal pyrite is present, pyrite oxidation products must have originated
elsewhere.
In Area 3 (cores T2W0 and T2W1a), pyrite is detected in only a single sample,
and the low relative peak height abundance on XRD patterns indicate that even here, only
a small amount of pyrite is present. However, jarosite is abundant in this area (Figure 13e, f) and significant amounts of pyrite oxidation products are found at Well 8 (Figure 34c, d).
Few of these Fe and S ions originate in Area 3. Rather, they are carried in from
two other sources. One source is the remnants of the original ore body, which exists
nearby and continues to oxidize, thereby producing Fe and S ions. Effluent Stream and
the local ground water both flow from the ore body to Area 3, carrying ions with them.
A second source is the spoil pile materials. For example, cobbles of framboidal
pyrite are found along the stream bank. These are spoil. They are in the process of
oxidizing, and therefore serve as an additional source for Fe and S ions, which are carried
by meteoric and ground water.
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Jarosite precipitation in the study area is consistent with published theory.
Although water data (Bloom, 2005) only covers months in which the wells were not dry,
available information confirms the presence of iron, sulfur, potassium, and sodium. The
pH levels are also appropriate. In Well 8 ground water, pH is slightly below 3, although
one data point reaches 4.56 (Figure 34)

Figure 34. pH and Fe/SO4 concentrations at Well 3 and Well 8. Data from Bloom, 2005.
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Data from slurry gives a slightly higher pH, ranging from a low of 3.03 at the
surface (sample T2W0-0-6), to a high of 3.57 (sample T2W-1a-34-37). This slurry data,
however, is not consistent with either Bloom data, or with the fact that jarosite is clearly
present.
Mount Torrens, in South Australia provides a field area similar to at the Davis
Mine. As at the Davis Mine, a pyrite orebody is oxidized, and the dissolved products flow
elsewhere. At a downstream point, Fe and SO4 concentrations increase sufficiently tp\o
precipitate as jarosite. (Fitzpatrick and Skwarnecki, 2003). This is my Path 1.
Path 1 does not imply that jarosite forms continually. At the Davis Mine, both pH
and ion concentrations increase and decrease (inversely) throughout the year. It is likely
that these fluctuations are linked to seasonal changes in water levels, and it is consistent
to speculate that jarosite both precipitates and dissolves. Jarosite formation and growth is
more probable during the summer, when concentrations are high. Dissolution is more
probable during the spring, when runoff lowers concentrations and raises pH.
The suggestion of alternating dissolution and growth is supported with SEM
images. Jarosite collected, for example, from T2W1a (Fig 16) shows a variety of crystal
sizes and shapes. The variation in crystal size (from a few ~5 µm crystals to clusters of
~0.25 µm crystals) suggests that some crystals have existed and grown through several
seasons, whereas others are being constantly formed. The lathe-shaped crystals are
suggestive of hypogene jarosite (Lueth et al., 2005, fig 2-c), and also imply that growth
occurred over an extended time. Additionally, some crystals are slightly rounded on the
edges, consistent with dissolution.
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While the presence of jarosite at Area 3 is straightforward, the presence and
location of goethite and hematite are somewhat more problematic.

As noted above, the amounts of jarosite/hematite/goethite/pyrite tend to be
related throughout the Davis site (Figure 16). The correlations are both positive and
negative: either suggests that the minerals are genetically linked. The linkage occurs
because the available quantities of iron and sulfur are controlled by environmental
conditions, and are distributed accordingly in stable or metastable phases.
An inverse correlation suggests that the two minerals are competing for raw
material, or that one mineral is forming from the other. A positive correlation suggests
that both minerals are forming simultaneously, and that abundant pyrite oxidation
products are present.
The mineral correlations are strongest in areas 1, 2, and 5. That is plausibly
because the ions needed to form the secondary minerals are produced from pyrite located
within the site area itself. To that extent, mineral assemblage in these areas is a closed
system.
In Area 3, near Well 8, the correlations are weakest, probably because ions can
come from pyrite outside the area. So, in Area 3 the system is open, and at this location,
there are no inherent correlations between the pyrite and the secondary minerals.
There seems to be a weak correlation between jarosite and hematite in T2-0, but
as this is lacking in T2-W-1a, the possible relationship in T2-0 is not conclusive.
There is no consistent relationship between hematite and goethite. There is a
strong inverse relationship between jarosite and goethite.
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It is consistent with literature and field results to conclude that, like jarosite,
hematite precipitates from solution, (although likely via dehydration of a ferrihydrite
precursor (Schwertmann and Murad,1983) and that jarosite and hematite form
independently of each other.
Note that although SEM/EDS confirms that the platy mineral in Figure 24 is an
iron oxide, it cannot confirm a particular species. Nor does XRD identify either hematite
or goethite in that sample (T2W1a-34-36). However, two lines of evidence indicate that
hematite is the imaged mineral. First, XRD detects low levels of hematite in surrounding
samples. It does not identify goethite. It seems plausible to assume that the iron-oxide
mineral at this depth is the same as iron-oxide mineral in the adjacent samples, which is
hematite. Second, goethite typically takes an acicular form. Hematite, on the other hand,
is known to take the irregular platy form that was observed here (Cornell and
Schwertmann, 2003). So it is strongly probable that the platy mineral is hematite, but that
it is present at concentrations lower than can be detected by XRD.
That hematite has formed rather than goethite can possibly be attributed to the
presence of aluminum. Both iron-oxide phases have similar Eh-pH stability ranges, as
discussed previously. However, in solution, hematite and goethite form from ferrihydrite
by different mechanisms, and, all else equal, pH controls mineral phase. In the pH range
of this site area (around pH 3), goethite is far more likely to form, with Hem/(Hem+Gt)
equal to approximately 0.1 (Schwertmann and Murad, 1983). However, if aluminum is
present in the solution, then the formation of hematite is favored over goethite (Cornell
and Schwertmann, 2003). At the Davis Mine, as is typical of AMD sites, aluminum
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concentrations in streams and ground water are high (Bloom, 2005). This, again, supports
the idea that the iron-oxide shown by SEM is hematite.
Another line of evidence is that the flake-like images are typical of hematite that
contains aluminum. Typically, hematite plates formed from solution are thick. However,
if aluminum enters the structure, growth along the c-axis is suppressed, resulting in
thinner plates. (Schwertmann and Murad, 1983). A small but distinct aluminum signal
can be detected in the SEM/EDS analysis of the Fe-oxide mineral, suggesting the
possibility that aluminum has been incorporated into the structure of the iron-oxide
(Figure 24-b). So the conjunction of a flake-like appearance and an aluminum signal
again support the idea that this iron oxide is hematite.
It is unlikely that hematite at this site is an alteration product of goethite. Both are
stable at Davis Mine ambient conditions, and the goethite-hematite transformation
requires a high temperature, cited variously as from about 180o C (Cornell and
Schwertmann, 2003), 200o C (Gualtieri and Venturelli, 1999) to about 400o C (Glotch et
al, 2004). Therefore, it seems likely that the hematite at Area 3 precipitated directly from
solution, as did the jarosite.

Goethite, however, most likely formed from jarosite. Goethite is found in the
surface samples of Area 3: the only place at the Davis Mine where goethite is predictably
found. (A minor instance of goethite was identified at depth in Area 1; that cannot be
accounted for at present.)
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Goethite can form from solution, through the dissolution of a ferrihydrite
precursor. However, if the hematite-aluminum connection discussed above is valid, then
goethite is not favored to form at this site from solution, despite the low pH values.
Two lines of evidence suggest that the goethite most likely formed from jarosite.
First, the strong inverse correlation between jarosite and goethite abundance suggests a
genetic linkage (Figure 16-e,f). Second, SEM images of T2W1a-06 show an iron-oxide
mineral that can most plausibly be interpreted as jarosite transitioning to goethite. Figure
22-a-d, which shows a single surface soil sample, provides several provocative images.
In one, a typically jarosite-shaped cube (labeled A in Figure 22-a) can be clearly
identified by EDS as giving strong jarosite signals (sulfur, potassium, iron, oxygen). Thus
the cube can be identified as jarosite. It looks to be about 1 cubic micron, and is among
the largest crystals in this image. The edges are slightly rounded, suggesting some
dissolution.
Slightly above and to the left of the jarosite crystal is a cluster of smaller shapes
(labeled B in Figure 22-a) These, which are less than about 0.25 µm in diameter, appear
to have undergone much dissolution. They are, morphologically, far more typical of
jarosite than goethite, which forms lathes. The EDS analysis shows strong iron and
oxygen signals, with weak signals for sulfur and potassium. Although EDS signals
cannot be used for quantification, these signals nonetheless suggest a mineral
transitioning from jarosite to goethite.
Directly above this cluster is another cube, labeled C in Figure 22-a. This cube
also appears to have undergone some dissolution. In this cube, EDS identifies only iron
and oxygen (Figure 22-d). Despite the jarosite-like morphology, this is an iron oxide
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mineral. Goethite is the only iron oxide identified by XRD in this sample, so this cube is
goethite.
The results and process of jarosite dissolution have been little studied, but seems
to depend on pH and solution composition. Dissolution rates correlate with the degree of
undersaturation (Welch et al 2008). Ferrihydroxides formed from jarosite tend to be
immobile, because they are formed at relatively high pH (Miedema et al, 1973), which
supports the idea that goethite comes from local jarosite. Jarosite is more commonly
found in association with goethite than with hematite. (Brown, 1971). Van Breeman
(1982) describes goethite as resulting from jarosite hydrolysis.

Path 1 is also followed in Area 1.
Differences between Areas 1 and 3 do exist. First, at Area 1, goethite is not found
at surface levels. It is found, in small abundances, in one sample, at depth, where its
presence cannot be explained at this time. Second, pyrite, not present in Area 3, is
abundant at depth in Area 1. Both the presence and the absence of pyrite are consistent
with Path 1. Path 1 does not require pyrite, it simply requires saturation-level pyrite
oxidation products in solution. This can occur regardless of whether the dissolving pyrite
is at the site, or at a distance.
Jarosite crystals imaged in Area 1 present the same characteristics as those from
Area 3. (Figure 17-b) Jarosite crystals, collected from the base of the T1W3 core, are
commonly but not always sharp-edged. They vary in size and morphology, and some
have irregular shapes. For the most part, they are close together, but this is not always
true, and several crystals are scattered across a quartz surface. This is similar to jarosite
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found in Area 3, and consistent with jarosite precipitated from solution over a period of
time.
Unlike Area 3, where oxidation products most plausibly originate both within
and at a distance from the area, the pyrite oxidation products found at Area 1 most likely
are produced by pyrite found nearby; for example, from the pyrite at the base of each
core. The jarosite imaged in Figure 17-b was collected from a vug in eroding pyrite
crystal. (Figure 27-a)
Jarosite is found very close to pyrite, but not as a mantle covering it, and this
strongly argues for the Path 1 mechanism, in which ions are carried away from the
oxidizing pyrite, later precipitating where concentrations are sufficiently high.
It is possible that some of these ions that form secondary minerals may originate
outside Area 1. Water data show that pH is lower and ion concentrations higher at Well 3
than elsewhere on the site. (Bloom, 2005) Waterflow data show that groundwater at Well
3 is both gaining and losing with regard to Well 4 (Figure 34). Cores in Area 1 are
between Wells 3 and 4, and therefore it is consistent to suggest that pyrite oxidation
products generated near Well 3 can flow out to these cores. However, either origin for
pyrite oxidation products is consistent with Path 1.
Note that jarosite is not stable, and cannot form, in an environment in which
pyrite is stable: pyrite requires a reducing environment, and jarosite requires an oxidizing
environment. In Area 1, both pyrite and jarosite are identified by XRD within the same
sample; no other iron-sulfates are found by XRD. SEM/EDS finds jarosite within
microns of an iron-sulfate that visually appears to be pyrite (Figure 35).
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jarosite
crystals, on
quartz

pyrite? vug

Figure 35. Jarosite in a pyrite vug. These jarosite crystals rest on quartz chips inside
an iron-sulfur (likely pyrite) vug. Specimen was collectedfrom T1W3-1217.
Although this anomaly can be explained by assuming an oxidizing
microenvironment next to or within a reducing environment, it is worth noting that EDS
identifies a small oxygen signal for the iron-sulfate morphologically-pyrite mineral
Figure 27-a,c. This is not conclusive because the oxygen signal may be in fact be
produced by fluorescence of the iron in the sulfur. It does suggest, however, that the
pyrite may be undergoing some alteration.

4.3 Path 2 at Davis Mine
On Pathway 2, sulfur is mobile, but iron is not. At Davis Mine, hematite is the
mineral produced by this path, and it is produced directly from pyrite.
An anomalous abundance of hematite is found in Area 4. This hematite, which is
concentrated in two midcore (28-43 cm) samples, is notable for two reasons. First, the
hematite relative peak height abundance exceeds that of all other minerals in this core
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except for quartz. (Figures 15-g, 16-g). That is a higher relative abundance than
anywhere else on this site. Second, the hematite specimens are generally on the order of
several centimeters in diameter, and appear to be broken fragments of a larger formation.
(Figure 25-a) This is far larger than other hematite specimens found at this site, which are
on the order of microns.
For these reasons, hematite from this core can most plausibly be explained as part
of the hematite gossan capping the original pyrite lens. This gossan was described as
“only a foot or two [thick]” by Rutledge, 1906a. Core T2W3 is within the waste material
area, and this hematite is probably in this spot because it was transported from the pyrite
lens to this area as part of the mining process.
The formation of hematite gossans have been much studied, as gossans are often
used to locate economically valuable ore deposits. A hematite gossan typically forms by
sulfide weathering initiated through a drop in the local water table. Pyrite, as well as
other semi-conducting minerals, are subject to oxidative electrochemical weathering, in
which the oxidized, commonly upper, part of the mineral serves as a cathode, losing
electrons, and the reductive (lower) part of the mineral serves as an anode, attracting
electrons. (Taylor and Thornber, 1992, Burns, 1988, Rimstidt and Vaughan, 2003). This
process scales easily, from deposits 100 m or more thick to single grains only a few
microns in diameter (Taylor and Thornber, 1992). In terms of the resulting mineral
assemblage, this means that the top of the growing gossan tends to be more oxidizing,
and therefore conducive to the formation of ferric hydroxides, whereas the reductive part
tends to be more acidic.
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Of course specific local conditions, such as the rate of oxidation, which is
dependent in part on alteration of water table levels, control the weathering specifics; but,
over time, exposure to water causes the “loss of the more mobile elements. . . so that the
gossan consists predominantly of Fe hydroxides and quartz.” (Taylor and Thornber,
1992) Implied here is that sulphates are more mobile than ferric iron, which is consistent
with the assumptions behind Path 2.
Although the hematite found in Area 4 did likely form via Path 2, it did not form
where it was collected, and therefore is less relevant to this discussion. More relevant is
the hematite found in Area 5. Unlike Areas 1, 3, and 4, this site area is located outside the
mine waste areas. However, earlier work (Fields, 1985) (Helm, 1982) (Bwerinofa, 1972)
established that pyrite is in found in low concentrations throughout the site. Here I argue
that at least some of the hematite in these areas is a kind of “minigossan,” formed from
individual grains of indigenous pyrite through oxidative electrochemical weathering, as
described above, which is consistent with Path 2 processes.
The original source of the iron for hematite is hard to establish, because iron is
ubiquitous, and weathers from a variety of common silicates, including phyllosilicates
like biotite and chlorite, and various amphiboles, which have all been identified at the
Davis Mine. Further investigation, possibly using stable isotopes, might be able to link
conclusively the iron in the hematite in this area to its source. However, those data are
not available at this time; it is probable that the iron comes from a variety of sources.
The evidence that at least some of the hematite in Area 5 forms directly from
indigenous pyrite comes from two lines. First, it is supported by XRD trends. Note that in
core T2W4, in the podzol area of transect 2, there is an inverse correlation between
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hematite and pyrite. However, with only two data points available, this correlation is not
conclusive.
Second, and more persuasively, hematite from this area (core T2W4) occurs in the
form of a pyritohedron. (Figure 26c,e) This is most plausibly explained as a hematite
pseudomorph of a pyrite crystal, formed by the oxidative electrochemical weathering
process discussed above. A similar image is in Poch et al. (2009). Their Figure 6-b is
described similarly as framboidal Fe-oxide “occurring as pseudomorphs after pyrite.”
Therefore, the second pathway proposed, in which hematite forms directly from
oxidized pyrite while the sulfur leaches away, and without jarosite as an intermediate
stage, is a known pathway. It clearly occurred at Davis Mine, producing the hematite
gossan of which remnants are found in Area 4 (T2W3). I suggest that this path also
accounts for at least some (and possibly most) of the hematite found in Area 5.
Additional paths for hematite formation exist. Hematite could also have formed
from iron released from other local iron-bearing minerals, or it could possibly have
formed as a more mature and weathered stable endproduct of Path 3. Additional work
must be done to distinguish among these possibilities.

4.4 Path 3 at Davis Mine
Path 3 is possibly the most intriguing of the three proposed. While this pathway
clearly occurs – there are other examples of jarosite forming directly from pyrite – it is
not as common as the pathway that leads to the formation of iron oxides. And although
literature on jarosite abounds, literature that discusses this particular formation pathway
seems somewhat scarce. In the literature, I have not encountered any (correctly
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recognized) images of jarosite-from-pyrite occurring on a micron-size scale. Such images
are presented here.

As shown in Figure 33, in Path 3, pyrite oxidation results in both Fe3+ and sulfate
ions. However, unlike Path 1, these ions do not all immediately move away from the
pyrite crystal. As described above, this means that a band of high ion concentration (and
low pH) persist near, or around, the pyrite grain. Only within this small band are
conditions appropriate for jarosite formation. There is likely a steep concentration
gradient.
Also, given the small size of the crystals, it seems likely that the jarosite forms
quickly. In other words, there is not only a small location window for jarosite formation,
there is also a small time window.
Because sulfate is more mobile than iron, Path 3 can only occur where conditions
hold the sulfate in place long enough for jarosite to precipitate. Most commonly, sulfate
flows away and iron remains, a traditional path for producing hematite gossans. It is not
clear what conditions keep the ions, particularly the sulfate, near the pyrite source,
although low activity of water is probably necessary.
One possibility is that a very thin film of stagnant water exists around the
dissolving pyrite grain. This film would only be a few microns thick. It is not clear what
mechanism would hold this film in place, but contributing factors could be soil porosity,
low hydraulic gradient, or soil moisture content.
But, if such a film does exist, then it is possible that as iron and sulfate ions are
released from the oxidizing pyrite, they become trapped in it. Over time, more and more
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ions get trapped in the film. Eventually, they become oversaturated, and jarosite quickly
precipitates as tiny crystals.
Two lines of evidence support the existence of Path 3. The evidence consists of
the slurry pH data, and the SEM images.
The slurry pH data can most easily be accounted for if this pathway exists. In
general, slurry pH is too high in this area for jarosite. For example, in T1W6 1214, which
provided the figures that illustrate this pathway, soil slurries give a pH of 4. That pH is
too high for jarosite to form (Figure 6). The inconsistency can be explained if one
assumes that the pH is a composite of a very low pH adjacent to the weathering pyrite,
where jarosite can form, and a more standard podzol pH, of about 4.5-5.5.
The SEM/EDS images, however, provide a more direct and persuasive form of
evidence. Figure 19-a,b shows an oblong shape with a fuzzy-appearing ‘donut’ texture.
This texture of jarosite is diagnostic for Path 3. Evidence that the material is jarosite is
provided by EDS analysis, which shows that this texture contains sulfur, iron, potassium,
and oxygen, the jarosite components. Magnification to nanometer scale (7.34 K x) (figure
18-a,b,c) shows that the donut texture resolves into very tiny, less than 0.5 µm diameter,
precise, sharp-edged rhombodrons. Rhombohedrons are typical jarosite crystal shape.
That this texture occurs only in mantle a few microns thick, and that this mantle almost
always coats an iron-sulfur crystal indicates that the formation zone for this texture is
very narrow. Both the size and the morphology indicate that the crystals precipitated very
quickly and remained undissolved at the point where they first emerged. This, as well as
the thin mantle in which this jarosite texture appears, all indicates the process predicted
by Path 3.
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The literature is scarce with regard to Path 3-related research. Jarosite gossans are
described by many workers, including Amaros, Lunar, and Tavira, (1981), and HudsonEdwards, Schell and Macklin, (1999). The jarosite gossan at Rio Tinto is widely-known
and was mined for silver as far back as Roman times. Jarosite in soils has also been
widely discussed, particularly in the context of acid sulfate soils (Dent and Pons, 1995;
van Breeman, 1982). However although the presence of jarosite is noted, the process of
jarosite formation is not elaborated. Fitzpatrick(2003) describes jarosite formation in acid
sulfate soils as resulting from precipitation from groundwater.
Ross et al. (1980) verified the presence of jarosite and natrojarosite in acid sulfate
soils in Manitoba, Canada. Results of pH slurries using a 1:1 ratio of water to air-dried
sample found pH levels ranging from 3.4 to 4.2 for samples that contained jarosite. These
pH levels are consistent with those found in the slurry pH levels at the Davis Mine, and
are theoretically too high for jarosite stability or formation. Ross et al. (1988) discussed
distribution of these and related minerals in the soil profile, finding that jarosite at depth
transformed to goethite closer to surface. That is also consistent with results from this
study. Mermut et al. (1984) when describing an acid sulfate soil in Saskatchewan, gives
mineralogy with depth. Results are consistent with findings at Area 2, with pyrite at the
deepest horizons, jarosite and pyrite found in the same levels, substantial jarosite above
the levels in which pyrite is found, and ferric hydroxides found both with jarosite, and in
levels above those that contain jarosite. Trends or quantities were not given. However,
the overall mineral order is consistent with the process of a downward moving oxidation
front, described by Bandy (1938). Mermut et al (1985) proposes that jarosite in these
samples was formed by precipitation from solution. However, Figure 4-b, in their paper,
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is described ambiguously as a pyrite crystal undergoing “surficial weathering (or
growth).” Their Figure 4-b shows what is most likely an example of the Path 3 process
described here.
Nickel (1938) describes a pyrite-sulphur-jarosite assemblage that he interpreted as
showing jarosite forming directly from pyrite, and he argued that the two minerals are in
contact despite thermodynamic incompatibility because of kinetic factors. However, it is
not clear whether he has identified these minerals visually or by a more rigorous method;
XRD is mentioned only in connection with sulphur identification.
Furbish (1963) discussed jarosite pseudomorphs of pyrite, found in a sulphide
body in North Carolina. Furbish argues that jarosite formation occurred “within a few
inches to a few feet” from the source of the jarosite components.” He said that because
jarosite serves to sequester acidity, jarosite formation would cause pH to rise and
component concentration to drop, allowing goethite to form at greater distances from the
jarosite. This mineral pattern is similar to that found elsewhere, but others would argue
that goethite forms from jarosite dissolution products, rather than from unused jarositeion components. Furbish also finds no mineral transition zone between pyrite and
jarosite, arguing that this means that pyrite altered directly to jarosite, without
intermediary minerals.
Miedema et al. (1973) provide notes on field studies of pyrite oxidation products
in soil, similar to this investigation. The observed mineral patterns are similar to those
found at Davis Mine, although these workers generally group ferri-oxides/hydroxides.
Miedema et al (1973) observed jarosite framboids with a pyrite nucleus. Also observed

101

are ferri-hydroxides in forms that have the same diameters as the pyrite and jarosite
framboids.
Poch et al. (2009) also discussed the deposition of pyrite oxidation products,
providing interesting images. These workers followed Miedema et al. (1973) in arguing
that ferri-hydoxides become unstable and reform as jarosite at low pH. This, however,
does not appear to be generally accepted by most workers, and indeed, it is hard to see
how this can be the case. Although Eh-pH diagrams suggest that jarosite will form more
readily than the iron oxides at low pH, they also imply that, once formed, the iron
oxides/hydroxides remain stable at low pH. Therefore, it is not obvious what conditions
would cause them to undergo dissolution and reform as the less-stable jarosite.

SEM images taken from Area 2 clearly show the mantling behavior of donut
jarosite, which is another diagnostic feature, and which also supports the idea that these
crystals only form within a thin film of water on a substrate mineral, which is typically
pyrite, but, in one case, is near pyrite. In the background (left center) of Figure 19,
another oblong, donut-textured form can be seen. This shows more clearly that the donut
texture does not comprise the entire form, but is merely a coating over another, substrate
mineral.
The substrate mineral is likely derived from oxidizing pyrite. It is improbable that
the phase is pyrite, because jarosite and pyrite possess different redox requirements.
Nonetheless, Path 3 requires that jarosite form from ions that have not moved from their
point of origin.
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In Figure 20, a jarosite “donut” texture is seen surrounding a crystal that is more
consistent with a pyrite morphology. Here, jarosite components are again confirmed in
the donut textured mantle (Figure 19-b). But a bare spot (Figure 20-c,d) provides a look
at the underlying minerals, which contains iron, sulfur and oxygen. Again, this suggests
that this mineral is not pyrite, but, rather, some form of oxidizing pyrite.
Figure 21 clarifies that on Path 3, jarosite precipitates close to the origin of the
pyrite oxidation products, but is not directly transformed from pyrite. That is, pyrite
dissolution is required. In Figure 21, the donut-textured jarosite mantle spills across two
separate minerals, which are separated by a fissure (Figure 21-e,f). The mineral above the
fissure (Figure 21-c,d) contains pyrite components, plus oxygen. There is also a small
potassium signal, but it can be seen that this mineral surfae is smooth, but with a few
crystals scattered on it. Those crystals could be jarosite, and the potassium signal can be
accounted for if the EDS detected a jarosite crystal.)
The mineral below the fault, identified in Figure 21-c,d, contains silicon and
oxygen and is probably quartz. Jarosite seems to have an affinity for quartz in this
environment. This may be simply because quartz is one of the few minerals stable in a
low pH environment.
Magnification of the jarosite mantle (Figure 21-e,f) shows that the very thin
mantle drapes over the crevice, almost as if it dripped there. This shows that it did not
form directly from pyrite, or on a pyrite skeleton. Rather, ions were released from
oxidizing pyrite, remained in a jarosite-compatible environment, and precipitated almost
immediately.
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The presence of a strong oxygen signal in the pyrite-like substrates found on this
formation path suggests that pyrite disintegrates via an oxidation front that moves from
the outside of the pyrite grain towards the center.
Oxidation fronts are typically discussed on a larger scale, commonly with regard
to soil profiles. Acid sulfate soils, like those at the Davis Mine, typically have an
oxidation front which shifts downward as the soil matures. Changing mineralogy marks
the progress of this front.
Bandy (1938), studying the alteration of pyrite deposits in Chile, observed the
effects of oxidation on this system. He found that although different exposures revealed
different minerals, the relationships remained the same, and this in general involved “an
orderly change from ferrous to ferro-ferric to ferric sulphates.” In other words, Bandy
found that within sulphide deposits oxidation proceeded from the outside in, and that
oxidation fronts were marked by changes in mineralogy, with the highly oxidized jarosite
at the outer edge, through increasingly-reduced iron-sulfates, to pyrite at the center. He
also records “a hard to pulverent brown manto of jarosite and iron oxide, 1 to over 6
inches thick.” A similar layer is found in Area 3 (Figure 14-c).
A similar sequence of evolving minerals was obtained by evaporation of a
solution derived from pyrite-material and distilled water (Buurman, 1975, cited in Jambor
et al, 2000). This can be compared to the sequence of minerals identified at Area 2. (Iron
oxides are omitted.) (Table 7)
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Davis Mine
Site area #2
T1W5

Alcapoarrosa, Chile Iron Mountain, Ca
(Bandy, 1938)
(Nordstrom&Alpers
1999a)

Lab
(Buurman,
1975)

Oxidation
sequence

jarosite

jarosite
parabutlerite
copiapite
pickeringite
coquimbite
quenstedtite
romerite
szomolnokite

halotrichite-bilinite
voltaite
rhomboclase
kornelite
coquimbite
romerite
copiapite
szomolnokite
rozenite
melanterite

jarosite
voltaite

pyrite

pyrite

ferric
mixed valence
ferric
ferric
ferric
mixed valence
mixed-valence
ferrous
ferrous
ferrous
ferrous
ferrous

pyrite

romerite
coquimbite
rhomboclase
szomolnokite
rozenite
siderotil
melanterite
pyrite

Table 7 – Pyrite to jarosite mineral evolution sequences. (Based on Jambor et al, 2000)

The ferrous and mixed-valence iron sulfates are not present in the Davis Mine
sequences, and this could be for three reasons. First, they may not ever have been present
at the Davis Mine. Second, they could be present in quantities too small to be for an
XRD to detect. Third, it is possible that such minerals are present at the site but could
their XRD peaks could not be distinguished. This is plausible because no unique XRD
peaks were found by which these intermediaries could be identified.
So it cannot be stated with certainty whether these intermediates are present at
Davis Mine. However, it is reasonable to speculate that, just as oxidative chemical
weathering can scale from a sulfide deposit through a sulfide crystal, the mineralogy shift
that occurs within a pyrite deposit can scale to occur within a single pyrite grain.
SEM/EDS results suggest that such a scaled process may occur at the Davis Mine.
The oxygen-iron-sulfur-bearing substrates beneath the jarosite mantles are
consistent with the ferric-sulfates that form the transition minerals between pyrite and
jarosite.

105

If EDS is indeed recording signals not from pyrite, but from transition minerals,
then copiapite is a possible candidate, as it has been identified at an AMD site in New
England. (Hammerstrom et al, 2005). However, copiapite was collected from stream
banks, rather than from soil, as were the samples in this study.
Although the presence of transition minerals is consistent with the EDS analysis,
EDS alone cannot confirm their existence, and, as mentioned, XRD analysis did not find
them. However, the existence of these transition minerals as part of a grain-based
oxidation front may explain the intense oxygen signal in these intact iron-sulfur minerals.
Furthermore, XRD may not have been able to identify these minerals even if they
were present. There are two possible reasons for this. First, because of XRD clutter,
unique peaks were not available for some of these minerals. Even if they were producing
XRD signals, their presence could not be confirmed. Second, they may not have occurred
in large enough quantities; XRD can only see minerals that comprise at least 2% to 3% of
the sample. Therefore, the presence of transition minerals remains an open question.

It is probable that path 3 is not complete as shown. Jarosite is not stable at Davis
Mine, and will ultimately convert to an iron oxide. Generally this iron oxide is goethite.
However, in some cases hematite can form. (Dent and Pons, 1995) (van Breeman, 1982)
Hematite is generally restricted to soils in tropical and subtropical regions. (Cornell and
Schwertmann, 2003) However, hematite is confirmed at Davis Mine.
While additional research is needed to determine the ultimate fate of jarosite at
the Davis Mine, some available evidence suggests that the jarosite may indeed be
transforming to hematite on Path 3 at Area 2. First, the two minerals seem to be
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competing for pyrite oxidation products, as shown by their inverse correlation in both
cores in this area. That pattern would occur if hematite were forming from jarosite.
Second, the hematite contains measurable sulfur (Figure 23-b). At high magnification,
both sulfur and potassium are detected. (Figure 23-d). These are dwarfed by the amounts
of iron and oxygen, and this material does not appear to have any jarosite-crystal-like
structure, so it is hard to interpret this as anything but an iron oxide. However, the sulfur
and potassium could be accounted for if they were remnants of a jarosite precursor.

This work has argued for two jarosite-formation paths based largely on the two
jarosite morphologies. These two formation paths predict not only two jarosite
morphologies, but also two distinct pyrite dissolution scenarios. In Path 1, pyrite
weathers into oxidation products that are carried away. In Path 2, pyrite weathers into
oxidation products that precipitate contiguously. Two weathering pyrite crystals, one
from Area 1, and one from Area 2, appear to illustrate these predictions. (Figure 36)
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Figure 36-a

Figure 36-c

Figure 36-e

Figure 36-b

Figure 36-d

Figure 36-f

Figure 36. Two proposed pyrite weathering styles. The style shown in 36-a-d is
associated with Path 1, producing variable jarosite. The style shown in Figure 36-e,f is
associated with Path 3, producing donut jarosite.
Figure 36 a,b, shown at increased magnification in 36-c,d, shows pyrite as a
filagree, or boxwork, texture, visually similar to what Nickel, 1984, describes as
“corroded pyrite remnant,” which, he plausibly argues, is pyrite in the process of
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dissolving. No jarosite was found near this crystal, although EDS did detect potassium in
some point-analyses. The sample shown in 36-a-d was taken from T1W3, Area 1.
Figure 36-e,f shows a weathering pyrite crystal taken from T1W6, in Area 2.
Here, I argue, Path 3 occurs, and, as predicted, pyrite is surrounded by its precipitated
oxidation products: jarosite, as a donut-textured mantle.

These images, which are consistent with predictions for the initiation of two of the
three proposed pathways, add additional support to the pathway explanation for the
differing mineral assemblages and morphologies.
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CHAPTER 5
CONCLUSIONS, SIGNIFICANCE, AND FUTURE

5.1 General Conclusions
At Davis Mine, pyrite oxidation products Fe and SO4 form minerals via three
pathways, which are based on the relative mobility of these oxidation products. On the
first pathway, both oxidation products are mobile, they both move into solution, and are
later concentrated strongly enough to precipitate jarosite. Jarosite formed in this way
exhibits a wide range of morphologies, from cubes to lathes, and a wide range of sizes,
from less than 0.25 µm to about 5 µm. Crystals can have dissolved edges, and are not
connected to each other in any consistent pattern. Hematite also precipitates from
solution on this pathway, and takes a specular form. Jarosite ages to goethite along this
path.
On the second pathway, only sulfate is mobile. Fe ions form hematite at the site of
the dissolving pyrite. This path forms gossan hematite. No jarosite forms on this path.
The third pathway may not have been described previously. On the third pathway,
jarosite forms in a narrow (microns-wide) band at the site of the dissolving pyrite.
Jarosite formed in this way exhibits extremely small crystals (less than 0.25 µm). Crystals
tend to be uniform in size and morphology, appearing primarily as pseudocubes. Crystal
edges are not worn. These crystals can give the illusion of forming toruses, and hence are
called ‘donut’ jarosite. It is possible that this morphology forms when pyrite oxidation
products are trapped in a thin film of water covering the dissolving pyrite. This jarosite
morphology may not have been described elsewhere.
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It is not clear why this form persists, because the crystals are so small (and
therefore should be subject to quick dissolution) and because the pH of the surrounding
soil is comparatively high. This suggests that jarosite metastability may be poorly
understood.

5.2 Significance for Environmental Issues
Jarosite serves as a sink for acidity in acid sulfate soils and at acid mine drainage
sites. Typically, remediation at these sites calls for raising the pH. However, if jarosite
already exists at these sites, then remediation becomes more complex, as raising pH
levels can cause the jarosite to destabilize, thus lowering the pH again. Therefore, it is
important to gain a greater understanding of jarosite metastability in order to ensure
remediation efficacy.

5.3 Significance for Planetary Science
This work illustrates the extraordinary sensitivity of jarosite morphology to
formation conditions. It has already been confirmed that water has existed and does exists
on Mars. This research suggests that if jarosite crystals on Mars can be imaged, it would
be possible to extract information about the actual behavior of the water, and about the
environmental conditions in at least one small area of Mars.
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5.4 Future Research
Much work is still needed to confirm and clarify the proposed processes. Still
unclear is the exact mechanism for donut jarosite formation, as well as the eventual fate
of this type of jarosite.
But, perhaps most importantly, this work can be considered the beginning of a
library of jarosite morphologies, as linked to formation conditions. Related information is
scattered throughout the literature. For example, acid fog jarosite seems to form rosettes
(Schiffman, P., et al, 2006), while evaporite jarosite seems to produce a morphology
similar to donut jarosite, but with larger crystals (Hammarstrom, J.M., et al, 2005).
While some of this information already exists, it needs to be collected and organized.
And many gaps clearly need to be filled. Documentation and characterization of jarosite
morphologies, along with information about their formation conditions on Earth, would
prove useful for interpreting data about jarosite morphology that will eventually be
gathered from Mars.
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APPENDIX A
LIST OF ALL SAMPLES
Sample Name

Depth (in)

T1-0(well 3)
T1-0
T1-0

0-7
7-10

T1-W-1
T1-W-1
T1-W-1

0-6
6-9

Depth (cm)

10

25.4
0-17.8
17.8-25.4

9

22.86
0-15.2
15.2-22.9

31.5

80.01

T1-W-2
T1-W-2
T1-W-2
T1-W-2
T1-W-2
T1-W-2
T1-W-2
T1-W-2
T1-W-2
T1-W-2

0-10
10-12
12-14
14-15
15-19
19-23.5
23.5-27
27-30
30-31.5

T1-W-3
T1-W-3
T1-W-3
T1-W-3
T1-W-3
T1-W-3
T1-W-3

0-4
4-7.5
7.5-12.5
12.5-17
17-20
20-21

0-25.4
25.4-30.5
30.5-35.6
35.6-38
38-48
48-69
60-68.5
68.5-76
76-80
21

53.34
0-10
10-19
19-32
32-43
43-51
51-53

T1-W-4

0

0

T1-W-5
T1-W-5
T1-W-5
T1-W-5
T1-W-5
T1-W-5

17

43.18

0-6
6-9
9-10.5
10.5-14
14-17

T1-W-6
T1-W-6
T1-W-6
T1-W-6
T1-W-6
T1-W-6

0-5.5
5.5-8.5
8.5-10.5
10.5-12.5
12.5-14

0-15
15-23
23-27
27-36
36-43
15

38.1
0-14
14-22
22-27
27-32
32-36

113

Notes

T1-W-6

14-15

T2-0(well 8)
T2-0
T2-0
T2-0
T2-0
T2-0

0-8
8-16
16-23
23-30
24-31

36-38
24

T2-W-1
T2-W-1a
T2-W-1a
T2-W-1a
T2-W-1a
T2-W-1a
T2-W-1a
T2-W-1a
T2-W-1a
T2-W-1a

60.96
0-20
20-41
41-58
58-76
61-79

11

91.44
0-17
17-25
25-41
41-52
52-61
61-69
69-86
86-91

T2-W-2
T2-W-2
T2-W-2
T2-W-2

?-?
?-13
13-15

T2-W-3
T2-W-3
T2-W-3
T2-W-3
T2-W-3
T2-W-3
T2-W-3
T2-W-3

0-7.5
7.5-11
11-14.5
14.5-17
17-21.5
21.5-24
24-25

T2-W-4
T2-W-4
T2-W-4
T2-W-4
T2-W-4
T2-W-4
T2-W-4

0-11
11-15.5
15.5-20.5
20.5-24
24-27
27-29

T2-W-5
T2-W-5
T2-W-5
T2-W-5
T2-W-5

0-7
7-11.5
11.5-15.5
15-19

approximate
approximate
approximate
approximate
measured

27.94

36
0-6.5
6.5-10
10-16
16-20.5
20.5-24
24-27
27-34
34-36

depth
depth
depth
depth
depth

15

38.1
0-?
?-33
33-38

21.5

54.61
0-19
19-28
28-37
37-43
43-55
55-61
61-64

29

73.66
0-28
28-39
39-52
52-61
61-69
69-74

19

48.26
0-18
18-29
29-39
39-48
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1a is 20 in. NE of T2W1

APPENDIX B
XRD RUNS: STACKED LABELED CORES
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116

117

118

119

120

Diagnostic d(a)
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117/4.2533
91/1.8149
26/1.3830
91/3.1876

182/4.2368
160/1.8127
29/1.3812
295/3.1781
15/2.4186
19/1.6329
0
0
0 14/4.1712
13/5.9403
42/3.0794

46/2.4175
41/1.6332

10/5.9099
35/3.0794

0

0 4/14.2595
11/7.0607
134/9./9260

9/7.0463
84/9.8528

5/5.9296
20/3.0810

73/4.2470
37/1.8183
15/1.3824
51/3.1894
0 12/8.3751
53/2.4197
85/1.6324
0 5/1.8455
0
0
0
13/5.9337
41/3.0794

20/1.6351
13/1.8431

154/4.2535
563/1.8211
52/1.3812
208/3.1931
16/8.4486

0
0

0

15/5.9464
51/3.0810

352/4.2534
91/1.8155
79/1.3815
219/3.2059
12/8.3745

57/3.0829

0
0
0 14/1.8490
0
0

165/4.2703
254/1.8167
91/1.3827
389/3.1913
7/8.4495

0
0
0
0 12/7.0974
0 6/7.0890
139/9.9441
37.9.9790 21/9.9613 37/9.9831
67/4.2503
48/1.8177
26/1.3824
87/3.1966

5/7.0693
45/9.9790

0
0
0 11/5.9516
36/3.0810

0 118/2.4207
0 136/1.6316

0

0
0
0

0

0

7/5.9354
31/3.0828

83/2.4217
176/1.6324

64/4.2671
28/1.8172
13/1.3830
51/3.2041

14/10.0179

0
0
0

0

0
0

15/3.0725

148/2.4186
210/1.6307

49/4.2500
37/1.8138
13/1.3803
32/3.1874

9/9.9327

0
0
0
0
0
0 12/1.6893
0
0
0
0
23/3.0862

0

74/4.2570
66/1.8183
25/1.3818
179/3.1966

0 55/14.2547
0 104/7.0972
22/9.9991

11
12
13
14
15
16
17
18
19
20
T1-W-2 23-27 T1-W-2 27-30 T1-W-2 30-31 T1-W-3 0-4 T1-W-3 4-7 T1-W-3 7.5-12.5 T1-W-312.5-17 T1-W-3 17-20 T1-W-3 20-21 T1-W-5 0-6

Note: xxx/y.yy = counts per second/d(a) in xrd run
Note: amphiboles may include hornblende, tremolite, actinolite

14.xx
7.0x
Muscovite/ 9.9xx
Illite
Quartz
4.255
1.818
1.3821
Albite
3.18-3.22
Amphibole: ~8.38-8.42
Pyrite
2.4209
1.63xx
Hematite 1.8406
1.69414
Goethite 4.183
Jarosite
5.93-5.95
(K/H3O/Na) 3.06-3.08

Chlorites

Mineral

Sample #
Sample ID

APPENDIX C

XRD RUNS: X-Y COUNTS

122
17/5.9337
61/3.0777

11/1.8495
0
0
29/5.9335
122/3.0777

11/1.3704
76/3.1930
30/8.3998

Note: xxx/y.yy = counts per second/d(a) in xrd run
Note: amphiboles may include hornblende, tremolite, actinolite

Goethite
Jarosite
(K/H3O/Na)

Hematite

Albite
Amphibole:
Pyrite
0
0

4.255
1.818
1.3821
3.18-3.22
~8.38-8.42
2.4209
1.63xx
1.8406
1.69414
4.183
5.93-5.95
3.06-3.08
21/4.2400

108/4.2535
50/1.8194
20/1.3797
133/3.2174
13/8.3867

14.xx
7.0x
9.9xx

Chlorites

Muscovite/
Illite
Quartz

67/14.1781 73/14.0666
140/7.0778 156/7.0507
21/9.9800 15/9.9807

Diagnostic d(a)

0 10/2.4288
0
0
0 9/1.6864
0
22/5.9473
88/3.0813

65/4.2536
0 46/1.8194
23/1.3815
279/3.2006

85/14.1469
197/7.0789
8/9.9434

0
24/5.9212
84/3.0811

0 46/1.6369
0 14/1.8466

0

66/4.2533
50/1.8188
18/1.3818
243/3.1802

60/14.2139
123/7.0599
34/9.9085
42/14.0683
101/7.0594
20/9.9256

168/4.2470
118/4.2468
67/1.8161
63/1.8172
25/1.3809
36/1.3818
275/3.1931
543/3.1764
0 7/8.3930
0
0
0
0 9/1.8484
0
0
0
0
9/5.9240
15/5.9271
19/3.0811
46/3.0793

32/14.1415
69/7.0689
19/9.9438
86/4.2602
107/1.8177
29/1.3827
234/3.1894
0 26/8.4267
0
0
12/1.8477
0
0
17/5.9279
52/3.0795

22/14.2516
50/7.0963
27/9.9455

0
0

0
0

22/5.9332
69/3.0759

104/4.2499
85/1.8149
39/1.3815
163/3.1875
13/8.3217

14/14.6695
35/7.0145
33/9.8707

0
0
0 12/1.8495
0
0
15/5.9337
53/3.0777

123/4.2536
91/1.8188
29/1.3818
181/3.1892
6/8.3839

9/14.0902
17/7.0784
46/9.9266

0
0

0
0

20/5.9403
70/3.0794

160/4.2568
123/1.8155
46/1.3818
217/3.2042
16/8.4112

11/14.1278
22/7.0782
23/9.9442

0
0
0
0
0

21
22
23
24
25
26
27
28
29
30
T1-W-5 6-9 T1-W-5 9-10.5 T1-W-5 10.5-14 T1-W-5 14-17 T1-W-6 0-5.5 T1-W-6 5.5-8 T1-W-6 8.5-10.5 T1-W-6 10.5-12.5
T1-W-6 12-14 T1-W-6 14-16

Mineral

Sample #
Sample ID

123

4.255
1.818
1.3821
3.18-3.22
~8.38-8.42
2.4209
1.63xx
1.8406
1.69414
4.183
5.93-5.95
3.06-3.08
35/4.1742
12/5.9284
41/3.0795

0

0
0

31

20/5.9467
82/3.0777

99/4.2437
86/1.8183
27/1.3818
255/3.1893
45/8.4131

32/14.1781
70/7.0779
38/9.9626

T2-0~8-16

Note: xxx/y.yy = counts per second/d(a) in xrd run
Note: amphiboles may include hornblende, tremolite, actinolite

Goethite
Jarosite
(K/H3O/Na)

Hematite

Albite
Amphibole:
Pyrite
19/1.8413

51/4.2468
18/1.8183
18/1.3824
55/3.1931
19/8.4536

14.xx
7.0x
9.9xx

Chlorites

Muscovite/
Illite
Quartz

10/14.1651
18/7.0690
17/9.9813

Diagnostic d(a)

T2-0 ~0-8

Mineral

Sample #
Sample ID

49/4.2600
29/1.8189
11/1.3805
116/3.2003
29/8.4264

210/14.1784
437/7.0869
21/9.9082

T2-0 ~16-23

0
0
0 8/1.8469
0
0
18/5.9465
71/3.0777

32

0
0

0
0

33

23/5.9408
83/3.0811

88/4.2604
63/1.8178
24/1.3815
201/3.1966
12/8.3894

35/14.2539
71/7.0967
35/10.0182

T2-0 ~23-30

0
0
0
0
0

34

32/5.9335
116/3.0776

73/4.2536
65/1.8188
25/1.3800
180/3.1912

33/14.1051
73/7.0686
30/9.9249

T2-0 24-31

11/14.2798
27/7.1066
17/10.0190

T2-W-1a 0-6

73/4.2538
39/1.8200
14/1.3836
89/3.1895
0 26/8.4668
0
0
0
0
0 29/4.1840
7/5.9483
30/3.0829

35

40/4.2601
38/1.8200
19/1.3815
204/3.1875
22/8.3735

40/14.0362
103/7.0243
76/9.9623

39/5.9403
171/3.0794

0
0
0

0

8/14.1561
28/7.0782
30/9.891
92/4.2735
104/4.2734
9/1.8015 or 55/1.8337
41/1.8177
12/1.3812
16/1.3815
254/3.2079
133/3.1856
17/8.4397
0
8/1.6283
0 11/1.8492
0
0
43/5.9934
30/5.9276
222/3.0882
143/3.0760

9/14.3579
17/7.1352
49/10.0375

0
0
26/5.9471
119/3.0794

60/4.2537
42/1.8183
21/1.3815
174/3.1931
0 16/8.4133
0
0

33/14.2161
72/7.0968
32/9.9804

0
0
0
0
0

37
38
39
40
T2-W-1a 6-10 T2-W-1a10-16 T2-W-1a 16-20 T2-W-1a 20-24

0
0 33/1.6346
0
0

36

124

51

15/5.9474
47/3.0898

20/1.6387

121/4.2501
134/1.8160
35/1.3803
225/3.1894
34/8.3993

8/7.0448
35/9/9065
113/4.2701
43/1.8205
19/1.3833
116/3.2007
9/8.4919

15/7.0870
20/10.0002

0
0 12/1.6907
0
13/5.9507
32/3.0846

0

0

0
0
0 15/1.6314
0
0
0
0
0
0

156/4.2534
82/1.8183
57/1.3818
243/3.1855
24/8.4007

0 88/24.1029
86/7.0596
27/9.9631

11/1.8471

276/4.2504
79/1.8167
37/1.3809
381/3.2023
59/8.3872

65/14.2171
69/7.0967
40/9.9825

0
0
0
0

0
0

158/4.2503
108/1.8172
33/1.3827
252/3.1930
50/8.3739

32/14.2537
48/7.0877
29/9.9822

0
0
0
0
0
0
0

190/4.2601
72/1.8211
58/1.3906
392/3.1967
62/8.4794

51/14.1807
35/7.0697
30/10.0011

0
0
0
0
0
0
0

52
53
54 55
56 57 58 59
60 61 62
63
T2-W-3 21-24 T2-W-3 24-25 T2-W-4 0-11
T2-W-4 15.5-20.5
T2-W-5 0-7
T2-W-5 15-19

Note: xxx/y.yy = counts per second/d(a) in xrd run
Note: amphiboles may include hornblende, tremolite, actinolite

Goethite
Jarosite
(K/H3O/Na)

Hematite

Albite
Amphibole:
Pyrite

4.255
1.818
1.3821
3.18-3.22
~8.38-8.42
2.4209
1.63xx
1.8406
1.69414
4.183
5.93-5.95
3.06-3.08

14.xx
7.0x
9.9xx

Chlorites

Muscovite/
Illite
Quartz

Diagnostic d(a)

Mineral

Sample #
Sample ID
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